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In recent years, considerable benefits of nanomaterials in a wide range of applications 
(e.g., biology and catalysis etc.) lead to increasing preparative approaches of new and 
enhanced nanomaterials. In particular, self-assembly is a very effective and promising 
method to achieve novel nanoscale materials. Meanwhile, owing to their fascinating 
properties, gold nanoparticles became promising building units to fabricate functional 
organization. Thus, it is believed that synthesis and self-assembly of gold nanoparticles 
could induce novel properties and applications.  
 
This project focuses on the study of synthesis and organization of gold nanoparticles. The 
aim is to explore novel preparative strategies to obtain complex nanostructures with high 
process flexibility and feature application performance. Self-assembly including 
templated assembly and template-free assembly is the mainly used approach throughout 
this research work. By virtue of this promising method, six kinds of structured 
organization of gold nanoparticles are prepared: the parallel unidirectional 1D-assemblies 
of gold nanoparticles, spherical aggregative forms including discrete, linear and two-
dimensional arrays, nanostructured Au sponges (15-150 nm), gold sponges prepared with 
the assistance of PVP (less than 10 nm), mesoporous gold spheres (discrete and 
interconnected), and Au/TiO2/CNTs composites (with the assistance of MPA). Going with 
these preparative approaches, a wide range of characterization methods (e.g., XRD, TEM, 
FESEM and BET etc.) are employed to investigate the materials information such as 
phases, composition and morphologies and avail understanding their formation processes 
 VIII 
and mechanism. Lastly, in favor of evaluating their photocatalytic performation, partial 
nanostructured materials are used in the decomposition of methyl orange. 
 
More specially, with assistance of surfactants, the parallel unidirectional 1D-assemblies of 
gold nanoparticles have been obtained in a large scale for the first time. By controlling the 
preparative parameters including the surfactant population, metal particle size, and 
amount of solvent for dispersion, the length of nanoparticle chains and their inter-chain 
space can be further tailored. Spherical aggregative forms such as discrete, linear, and 
two-dimensional arrays have been prepared via self-assembly of gold nanoparticles 
covered with Tetra-n-octylammonium Bromide (TOAB) or TOAB- Dodecanethiol (DDT) 
without assistance of other structural liners. With as-synthesized gold nanoparticles as 
starting building block, a template-free approach for generation of nanostructured Au 
sponges has been developed for the first time. The sponge morphology can be controlled 
by manipulating process temperature and time, surfactant population, concentration of 
metallic nanoparticles, amount and type of alcohol solvent etc. A swift synthesis of gold 
nanoporous materials with assistance of PVP has been investigated under ambient 
conditions. PVP played an important role to induce these stable 3D architectures (less 
than 10 nm). Moreover, a hydrothermal method for self-assembly and organization of as-
synthesized gold nanoparticles into mesoporous gold spheres has been developed for the 
first time. By tailoring preparative parameters, excellent product controllability and high 
morphological yield have been achieved. Au/TiO2/CNTs nanocomposites have been 
proved as promising catalysts for methyl orange degradation. Therein, Au nanoparticles 
 IX 
were self-assembled on the surface of uniform, well crystalline TiO2 layer with the 
assistance of MPA. 
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Au/TiO2/CNTs composites after photocatalytic reaction: c) 5 wt% 
Au/TiO2/CNTs, d) 10 wt% Au/TiO2/CNTs, three cycles of reaction; Noting 
that the calcination was carried out at 500 oC for 30 min and the estimated 
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Nanoscience and nanotechnologies are widely seen as having huge potential to bring 
benefits to many areas of research and applications, and are attracting rapidly increasing 
investments from governments and from business in many parts of the world (The royal 
society, 2004). Nowadays the health, safety, environmental, social and ethical 
implications can be considered against current and potential future developments in 
nanoscience and nanotechnologies. In very recent years, the vital fact cannot be ignored 
that considerable benefits of nanomaterials in a wide range of industrial sections lead to 
increasing preparative approaches of new and enhanced nanomaterials. In principle, the 
resulting properties of nanomaterials strongly depend on the particle size, interparticle 
distance, nature of the protecting organic shell, and shape of the nanomaterials (Brust et 
al., 2002). Thus, by virtue of these progressive techniques, various morphological forms 
of nanomaterials such as spheres, tubes, rods, wires, cables, diskettes, sheets, stars, multi-
branches and other unusual shapes have been achieved in a wide range of the metal and 
metal oxide nanomaterials including Au, Ag, Pt, TiO2, ZnO, SnO2 and CuO etc 
(Alivisatos, 1996; Cozzoli et al.,2004; Jun et al., 2007; Sun and Xia, 2002; Gubin et al., 
2002; Roldughim, 2000; Wang et al., 2005; Yang et al., 2006).  
 
In a general way, these approaches to create nanomaterials can be grouped in various 
different ways such as ‘top-down’ and ‘bottom-up’, spontaneous and forced processes, 
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according to the growth media (e.g. vapor phase growth, liquid phase growth) or the 
form of products (e.g. nanoparticles, nanorods or nanowires, thin films). Therein, ‘top-
down’ and ‘bottom-up’ two approaches were widely accepted and popular among these 
approaches. In particular, the self-assembly, as one of ‘bottom-up’ approaches, has 
become a very effective and promising method to achieve a wide range of novel 
nanoscale materials. Self-assembly also can be classified as templated and biological 
self-assembly (Whitesides et al., 1991; Whitesides and Grzybowski, 2002). As a very 
popular approach, templated self-assembly includes two mostly used methods: hard- and 
soft- templating methods (Zeng, 2006 and 2007). For example, in the hard-template 
assisted synthesis, colloidal particles (e.g., polymeric beads or silica balls), fibres, anodic 
alumina membranes, polycarbonate membranes, and sacrificial metallic cores are 
commonly utilized, and the nanostructures are formed on the inner or outer surfaces of 
the templates using layer-by-layer, sol-gel casting, infiltration, redox reaction, and 
particle adsorption methods (Caruso et al., 1998; Kobayashi et al.,2002; Göltner et al., 
1999; Sun et al., 2002; Sun et al., 2003; Nakashima et al., 2003; Guo et al., 2003; 
Dinsmore, et al., 2002; Caruso et al., 2001; Yang et al., 2003; Zhu et al., 2003). In the 
soft-template assisted synthesis, on the other hand, ionic organic surfactants as well as 
nonionic polymeric surfactants have been often used, including gas bubbles produced 
during the synthetic reactions (Peng et al., 2003). Very excitedly, template-free synthetic 
method is very promising and worthwhile in future. Utilizing these various interactions 
(e.g. Van der Waals interaction, hydrogen bonds, hydrophobic interactions) in these 
above approaches can induce various one-dimensional (1D), two dimensional (2D) and 
three-dimensional (3D) organizations of nanoparticles. The new properties of 
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nanoparticles were discovered which permit them to be regarded as promising building 
elements in a variety of applications due to the possibility of varying the particle size 
over wide limits and the structure of the particles being controlled quite reliably by 
advanced techniques. In addition, the ligand or adsorption shell and the electronic 
properties of the nanoparticles can be varied as desired. Based on these facts, 
nanoparticles are attracting much attention for their synthesis and organizations and can 
satisfy the controlled theme of preparative strategic of nanomaterials. Among these 
nanoparticles, gold nanoparticles (AuNPs), as the most stable metal nanoparticles, 
became key materials and building block in recent years, because of their fascinating 
aspects such as their assembly of multiple types involving material science, the behavior 
of the individual particles, size-related electronic, magnetic and optical properties 
(quantum size effect) , and their applications to catalysis and biology. Thereupon, much 
effort has been expended on their synthesis and organization for the construction of 
functional nanomaterials.  
 
1.2 Objectives 
As the most stable metal nanoparticles, gold nanoparticles possess fascinating properties 
and become promising building units to fabricate functional organization which could 
satisfy various applications such as catalysis and biology. Therefore, the objective of this 
thesis will focus on exploring novel preparative approaches for the synthesis and 
organizations (e.g., 1D, 2D and 3D nanostructures), including templated-assembly and 
template-free assembly approaches. Moreover, the catalytic activity of self-assembled 
gold nanocomposites will be studied. 
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1.3 Scope 
In this thesis, the gold synthesis mainly focus on a two-phase synthetic protocol reported 
by Brust’s group (Brust et al., 1994), which allowed the facile synthesis of thermally 
stable and air-stable AuNPs of reduced dispersity and controlled size. Indeed, these 
AuNPs can be repeatedly isolated and redissolved in common organic solvents (e.g., 
toluene) without irreversible aggregation or decomposition and they can be easily 
handled and functionalized as stable organic and molecular compounds. By virtue of 
these striking features of gold nanoparticles and assistance of organics surfactants, 
different structured organizations including Au/TiO2/CNTs nanocomposites can be 
uniformly prepared in a large scale.  
 
In particular, five kinds of structured organization of AuNPs were prepared using self-
assembly approaches and studied via controlling key process parameters such as the 
organic surfactant population: the parallel unidirectional 1D-assemblies of gold 
nanoparticles, spherical aggregative forms including discrete, linear and two-dimensional 
arrays, nanostructured Au sponges (15-150 nm), mesoporous gold spheres (discrete and 
interconnected), and Au/TiO2/CNTs (with the assistance of mercaptopropionic Acid 
(MPA)). Meanwhile, Au sponges (less than 10 nm) were prepared with assistance of 
PVP surfactants. The detailed preparative approaches and formation mechanism of all of 
these structured forms of AuNPs organization were investigated in details. More 
specially, the decomposition of methyl orange by Au/TiO2/CNTs nanocomposites was 
investigated to testify its photocatalytic activity. 
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1.4 Organization of the Thesis 
The thesis includes eight chapters besides this introductory chapter. In Chapter 2, much 
of nanoscience and many nanotechnologies on nanomaterials are reviewed. The research 
concerning about numerous strategic approaches of synthesis and organization of 
nanomaterials, especially gold nanoparticles are addressed in detail. The characterization 
and applications of gold nanoparticles and their nanocomposites are also presented. 
Chapter 3 identifies key process parameters to generate parallel unidirectional 1D-
assemblies of gold nanoparticles with the assistance of organic surfactants for the first 
time. Chapter 4 proposes the formation mechanism of spherical aggregative forms which 
are self-assembled using the Au nanopartciles covered with Tetra-n-octylammonium 
Bromide (TOAB) or TOAB- Dodecanethiol (DDT) without assistance of other structural 
linkers. Chapter 5 describes a self-assembly approach for generation of nanostructured 
Au sponges with Au nanoparticles as starting building blocks. Chaper 6 presents a swift 
synthesis of ultrafine gold networks with assistance of PVP under ambient conditions. 
Chapter 7 delineates self-assembly and organization of as-synthesized gold nanoparticles 
into various aggregative morphologies via a hydrothermal method. In Chapter 8, self-
assembly formations of three different Au/TiO2/CNTs nanocomposites with assistance of 
MPA surfactant are presented first, followed by their photocatalytic activity of methyl 
orange degradation. Finally, based on the above results, Chapter 9 draws conclusions and 
brings forward recommendations for future work.  
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In this chapter, much of nanoscience and many nanotechnologies on nanomaterials are 
reviewed. The research concerning about numerous strategic approaches of synthesis and 
organization of nanomaterials, especially gold nanoparticles are addressed in detail, and 
lastly characterization and applications of gold nanoparticles and their nanocomposites 
are briefly presented. 
 
2.1 Overview of Nanomaterials 
2.1.1 Definition of Nanomaterials 
Generally, nanomaterials are categorized as those which have structured components 
with at least one dimension less than 100 nm (The Royal Society, 2004). Materials that 
have one dimension in the nanoscale (and are extended in the other two dimensions) are 
layers, such as a thin film or surface coatings. Some of the features on computer chips 
come in this category. Materials that are nanoscale in two dimensions (and extended in 
one dimension) include nanowires and nanotubes. Materials that are nanoscale in three 
dimensions are particles, for example precipitates, colloids and quantum dots (tiny 
particles of semiconductor materials). Nanocrystalline materials, made up of nanometer-
sized grains, also fall into this category (The Royal Society, 2004). 
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2.1.2 Properties and Applications of Nanomaterials 
With the best knowledge of us, two principal factors cause the properties of 
nanomaterials to distinguish them from bulk: increased relative surface area, and 
quantum effects. Brust and his colleague addressed that the resulting physical properties 
of nanomaterials strongly depend on the particle size, interparticle distance, nature of the 
protecting organic shell, and shape of the nanoparticles (Brust and Kiely, 2002). As a 
typical illustration, Table 2.1 shows the relation between the total number of atoms in 
full shell clusters and the percentage of surface atoms. The smaller a particle becomes, 
the more the proportion of surface atoms increases. Thus nanoparticles have a much 
greater surface area per unit mass compared with larger particles. As growth and 
catalytic chemical reactions occur at surfaces, this means that a given mass of material in 
nanoparticulate form will be much more reactive than the same mass of material made up 
of larger particles. An example of thermodynamic properties of matter induced by the 
dimension of the materials is melting point of the particles. Since the surface atoms are 
much more easily rearranged than those in the center of the particles, the melting process 
of smaller particles starts earlier. The relation between particle size and melting point of 
gold particles is shown in Figure 2.1, calculated by the method of Reifenberger (Castro et 
al., 1990). As can be seen, there is a dramatic decrease of melting points for particles 
smaller than 3-4 nm. 
Besides the increased surface area, the quantum size effect is involved when the de 
Broglie wavelength of the valence electrons is of the same order as the size of the 
particle itself. Then, the particles behave electronically as zero-dimensional quantum 
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dots (or quantum box) relevant to quantum-mechanical rules. Freely mobile electrons are 
trapped in such metal boxes and show a characteristic collective oscillation frequency of 
the plasmon resonance band (PRB) (e.g., observed near 530 nm in the 5-20 nm-diameter 
ranges of gold nanoparticles). Otherwise, electrons can be excited by visible light to 
perform fluidlike plasmon oscillations (Mie theory) (Klabunde, 2001). Figure 2.2 
presents that the dipole and higher multipole moments are caused by surface charging, 
which is especially effective for spherical shapes. Figure 2.3 shows some typical 
absorbance spectra of gold clusters of different size. As can be seen from Figure 2.3, the 
varying intensity of the plasmon resonances depends on the cluster size. Due to the 
increasing damping with decreasing particle size, the electronic relaxation after 
electromagenetic excitation is accelerated. The reduced lifetime of the plasma excitation 
causes a broadening of the lines (Klabunde, 2001). 
As a matter of fact, surface-area and quantum effects can affect the reactivity, strength, 
optical, electrical and magnetic behavior of materials, particularly as the structure or 
particle size approaches the smaller end of the nanoscale. Current applications that 
exploit these above-mentioned effects include very thin coatings used, for example, in 
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Table 2.1 The relation between the total number of atoms in full shell clusters and the percentage 





Figure 2.1 The relation between the size of gold particles and their melting point (Klabunde, 
2001).  












Figure 2.3 Absorbance spectra of gold clusters of different sizes (Hummel and Wibmann, 1997). 
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2.1.3 Synthesis and Organization of Nanomaterials 
Various applications of nanomaterials cannot be discussed in detail here, however the 
vital fact cannot be ignored that their considerable benefits in a wide range of industrial 
sectors lead to increasing preparative approaches of new and enhanced nanomaterials. By 
virtue of these progressive techniques, various morphological forms of nanomaterials 
such as spheres, cubes, tubes, rods, wires, cables, diskettes, sheets, stars, multi-branches 
and other unusual shapes have been achieved in a wide range of the metal and metal 
oxide nanomaterials including Au, Ag, Pt, TiO2, ZnO, SnO2 and CuO etc (Alivisatos, 
1996; Cozzoli et al., 2004; Jun et al., 2007; Sun and Xia, 2002; Gubin et al., 2002; 
Roldughim, 2000; Wang et al., 2005; Yang et al., 2006). 
In general, these approaches to create nanomaterials are classified as ‘top-down’ and 
‘bottom-up’ techniques (The Royal Society, 2004). Figure 2.4 illustrates some of the 
types of materials and products that these two approaches are used for. Herein, “top-
down” approach means “producing very small structures from large pieces of material”, 
for example by etching to create circuits on the surface of a silicon microchip. “Bottom-
up” method involves the building of structures, atom by atom or molecule by molecule. 
The wide variety of “bottom-up” approaches towards achieving nanomaterials can be 
split into three categories: chemical synthesis, self-assembly, and positional assembly 
(The Royal Society, 2004). As discussed below, one way of doing this is self-assembly, 
in which the atoms or molecules arrange themselves into a structure due to their natural 
properties. Self-assembly technique is discussed in detail in the following section. The 
second way is chemical synthesis which is a method of producing raw materials, such as 
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molecules or particles. These resultant materials can then be used either directly in 
products in their bulk disordered form, or as the building blocks of more advanced 
ordered materials. The third way is to use tools to move each atom or molecule 
individually. Although this ‘positional assembly’ offers greater control over construction, 
it is very laborious and not suitable for industrial applications.  
 
Figure 2.4 The use of bottom-up and top-down techniques in manufacturing (The Royal Society, 
2004). 
Moreover, these technical approaches can also be grouped in other different ways such as 
spontaneous and forced processes. In the interest of giving a full review of these 
approaches, a brief introductory summary is given as below. Among these grouping 
ways, one popular way is to group them according to the growth media (Cao, 2004): 
(1) Vapor phase growth, including laser reaction pyrolysis for nanoparticle synthesis 
(Miguel et al. 2002) and atomic layer deposition (ALD) for thin film deposition (Pore et 
al., 2004). 
(2) Liquid phase growth, including colloidal processing for the formation of 
nanoparticles and self assembly of monolayers. 
(3) Solid phase formation, including phase segregation to make metallic particles in glass 
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matrix and two-photon induced polymerization for the fabrication of three-dimensional 
photonic crystals. 
(4) Hybrid growth, including vapor-liquid-solid (VLS) growth of nanowires. 
 
Another way is to group the techniques according to the form of products (Cao, 2004): 
(1) Nanoparticles by means of colloidal processing, flame combustion and phase 
segregation. 
(2) Nanorods or nanowires by template-based electroplating, solution-liquid-solid growth 
(SLS), and spontaneous anisotropic growth. 
(3) Thin films by molecular beam epitaxy (MBE) and atomic layer deposition (ALD). 
(4) Nanostructured bulk materials, for example, photonic bandgap crystals by self-
assembly of nanosized particles. 
 
There are various literature views summarizing current status of various processing 
techniques and recommending future research directions. For instance, Zeng focused on 
the exploration of synthetic architecture for inorganic nanostructures, especially for 
interior space of these nanostructures (Zeng, 2006 and 2007). Interior spaces with 
architectural design, as emerging field, can be created through various novel organizing 
schemes, including Oriented attachment, Ostwald ripening and Kirkendall effect etc 
(Nakashima et al., 2003; Guo et al., 2003; Hah et al., 2003; Afanasiev et al., 2003; Yang 
et al., 2004; Chang et al., 2005; Liu et al., 2005; Yin et al., 2004). Meanwhile, recent 
advances in architectural design have been addressed through two different well-
established chemical syntheses: the templated-assisted syntheses, especially soft-
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templating, and template-free synthetic methods. Currently, hard- and soft- templating 
syntheses are the two most widely used methods for preparation of these materials. For 
example, in the hard-template assisted synthesis, colloidal particles (e.g., polymeric 
beads or silica balls), fibres, anodic alumina membranes, polycarbonate membranes, and 
sacrificial metallic cores are commonly utilized, and the nanostructures are formed on the 
inner or outer surfaces of the templates using layer-by-layer, sol-gel casting, infiltration, 
redox reaction, and particle adsorption methods (Caruso et al., 1998; Kobayashi et al., 
2002; Göltner et al., 1999; Sun et al., 2002; Sun et al., 2003; Nakashima et al., 2003; Guo 
et al., 2003; Dinsmore, et al., 2002; Caruso et al., 2001; Yang et al., 2003; Zhu et al., 
2003). In the soft-template assisted synthesis, on the other hand, ionic organic surfactants 
as well as nonionic polymeric surfactants are often used, including gas bubbles produced 
during the synthetic reactions (Peng et al., 2003). 
 
As regards one-dimensional nanostructures, Xia and Yang et al. (2003) have provided a 
comprehensive review of current research activities concentrating on nanowires, 
nanorods, nanobelts, and nanotubes. They have concluded six synthetic strategies to 
achieve 1D growth, as shown in Figure 2.5. They present that many chemical methods 
have been demonstrated as the “bottom-up” approach for i) generating isotropic 
crystallographic structure of a solid to accomplish 1D growth; ii) introduction of a liquid-
solid interface to reduce the symmetry of a seed; iii) use of various templates with 1D 
morphologies to direct the formation of 1D nanostructures; iv) use of supersaturation 
control to modify the growth habit of a seed; v) use of appropriate capping reagents to 
kinetically control the growth rates of various facets of a seed; vi) self-assembly of 0D 
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nanostructures; and vii) size reduction of 1D microstructures. Apart from elaborating 
these approaches, they also highlight a range of unique properties and address a number 
of methods potentially useful for assembling 1D nanostructure into functional devices 
based on crossbar junctions, and complex architectures such as 2D and 3D periodic 
lattices (Xia et al., 2003).  
 
In principle, when developing a synthetic method for generating nanostructures, the most 
important issue that one needs to address is the simultaneous control over dimensions, 
morphology (or shape), and monodispersity (or uniformity). 
 
2.2 Synthesis and Organization of Nanoparticles 
2.2.1 Synthesis of Nanoparticles 
 
Particles in the nanometer size range are attracting increasing attention with the growth 
of interest in nanotechnological disciplines. As consequences of their dimensions, 
nanoparticles display fascinating electronic and optical properties, and make them ideal 
candidates for the nanoengineering of surfaces and the fabrication of functional 
nanostructures. Moreover, they may be easily synthesized from a wide range of materials. 
(Shipway et al., 2000).  
 




Figure 2.5 Schematic illustrations of six different strategies that have been demonstrated for 
achieving 1D growth: A) dictation by the anisotropic crystallographic structure of a solid; B) 
confinement by a liquid droplet as in the vapor-liquid-solid process; C) direction through the use 
of a template; D) kinetic control provided by a capping reagent; E) self-assembly of 0D 
nanostructures; and F) size reduction of a 1D microstructure (Xia et al., 2003). 
 
 
There are four main processing approaches for the preparation of nanoparticles by 
chemical method (Riman, 1993): (1) chemistry in liquid phase including direct strike, 
nonsolvent addition, solvent removal, gel drying (sol-gel) and precipitation from 
homogeneous solution; (2) chemistry between heterogeneous phase including 
hydrothermal synthesis, molten salt synthesis, pyrolysis  and spark erosion; (3) chemistry 
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in a droplet including emulsions, micelles or microemulsions and aerosols; (4) chemistry 
in the vapor phase including heating method, vapor precursors, liquid precursors  and 
solid precursors. The most attractive methods are those which synthesize in the liquid 
medium, including methods of precipitation, reduction, dehydration, solvent evaporation, 
reversed micelle technology and microemulsion polymerization, etc. Here a briefly 
illustrate the reversed micelles technology is given. 
 
Reversed micelles are particularly favorable for the preparation of monodisperse 
nanoparticles with various particle sizes, due to the controllable water pool (in the range 
of nanometer size). The nanoparticles can be fabricated using the reversed micelles 
having the following two features (Wang et al., 2002): (1) the nanoparticles are harder to 
aggregate because the surface of the nanoparticles is covered with surfactants; (2) the 
surface of the particles can be modified further. The general method to synthesizing 
nanoparticles using reverse micelles is schematically illustrated in Figure 2.6. In a 
surfactant-oil-water system, as the surfactant concentration increases further, micelles 
can be deformed and can change their shapes to rodlike micelles, hexagonal micelles and 
lamellar micelles or liquid crystals (Figure 2.7). It is these changes that make it possible 
to prepare different shapes of nanoparticles from micelle synthesis microreactors (Wang 












Figure 2.6 Schematic illustrations of various stages in the growth of nanoparticles in 















Figure 2.7 A schematic phase diagram of surfactant-oil-water systems showing a variety of self-




The organization and construction of nanoparticles into controlled architecures (1D, 2D 
and 3D) has gained significant attention in recent years. Therein, self-assembly, as one of 
‘bottom-up’ approaches, has become a very effective and promising method to achieve a 
wide range of novel nanoscale materials. For the sake of understanding these 
organizations well, it is necessary to illustrate the fundamental knowledge on its 
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definition, primary interactions among atoms, ions and molecules, and its various 
applications for the organization of nanoparticles.  
 
Whitesides and Grzybowski describe ‘self-assembly’ as the following: ‘Self-assembly is 
the autonomous organization of components into patterns or structures without human 
intervention.’ (Whitesides et al., 1991; Whitesides and Grzybowski, 2002) This term is 
used increasingly in many disciplines with a different flavor and emphasis in each, and 
limited to processes that involve pre-existing components (separate or distinct parts of a 
disordered structure), are reversible, and can be controlled by proper design of the 
components (Whitesides and Grzybowski, 2002). 
 
Self-assembling processes are common throughout nature and technology. Self-assembly 
can be classified as static and dynamic self-assembly, depending on whether the process 
dissipates energy or not. Most research in self-assembly has focused on this static type. 
For instance, formation of the ordered structure may require energy (for example in the 
form of stirring), but once it is formed, it is stable. Self-assembly also can be grouped as 
templated and biological self-assembly. In templated self-assembly, interactions between 
the components and regular features in their environment determine the structures that 
form. The characteristic of biological self-assembly is the variety and complexity of the 
functions that it produces (Whitesides and Grzybowski, 2002). 
 
The design of components that organize themselves into desired patterns and functions is 
the key to applications of self-assembly. Self-assembly requires that the components 
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must be mobile to move with respect to one another. Their steady-state positions balance 
attractions and repulsions. Molecular self-assembly involves noncovalent or weak 
covalent interactions (van der Waals, electrostatic, and hydrophobic interactions, 
hydrogen and coordination bonds) as shown in Table 2.2. In the self-assembly of larger 
components—meso- or macroscopic objects—interactions can often be selected and 
tailored, and can include interactions such as gravitational attraction, external 
electromagnetic fields, and magnetic, capillary, and entropic interactions, which are not 
important in the case of molecules (Whitesides and Grzybowski, 2002). The environment 
can modify the interactions between the components; the use of boundaries and other 
templates in self-assembly is particularly important, because templates can reduce 
defects and control structures. More importantly, equilibration is usually required to 
reach ordered structures. If components stick together irreversibly when they collide, 
they form a glass rather than a crystal or other regular structure. Self-assembly requires 
that the components either equilibrate between aggregated and non-aggregated states, or 
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Table 2.2 Types of bonds and interactions applicable to molecular self-assembly (Whitesides et 







2.2.3 Organization of Nanoparticles 
Utilizing these interactions mentioned above can induce various 1D, 2D and 3D 
organizations of nanoparticles, resorting to other specially prepared substrates. In recent 
years, considerable progress has been made in the development of a method that implies 
formation of ordered nanostructures directly from nanoparticles formed in colloidal 
solutions. The attraction of this method is that it provides the possibility of varying the 
Chapter 2 Literature Review 
25 
particle size over wide limits, the structure of the particles being controlled quite reliably 
by advanced techniques. In addition, the ligand or adsorption shell and, hence, the 
electronic properties of the particles can be varied as desired. Finally, successful use of 
this method hardly depends on the nature of the particles. For instance, Figure 2.8 
presents the scheme of deposition of ordered nanostructures with CdSe nanoparticles 
(Murray et al., 1995). Subsequently, this method has been widely used to prepare ordered 
structures from metal nanoparticles (Hostetler et al., 1996; Bethell et al., 1996; Wang et 
al., 1998; Brust et al., 1995; Fink et al., 1998). 
 
 
Figure 2.8 Scheme of the formation of ordered structures from nanoparticles by evaporation of 
the solvent system: (a) before evaporation; (b) after evaporation (Roldughim, 2000). 
 
In recent years, nanoparticles have been assembled on a wide variety of substrates, 
sometimes by highly ingenious means, such as the association of a streptavidin-
functionalized colloid to a biotin-functionalized surface, but true nanoengineering 
requires nanoscale control, namely, control over the morphology of nanoparticle packing 
on the surface. This requirement is finally becoming a reality with new research into the 
ordering of adsorbed particles, which brings new applications to light, such as the use of 
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nanoparticles as nanoscale “mask” for the lithography of surfaces. Figures 2.9 and 2.10 
presents one-dimension assembly of nanoparticles at a surface step or a nanoporous 
matrix (Klabunde, 2001). Shipway et al. (2000) summarized recent serials of assemblies 
on common substrates, such as assembly by adsorption on glass substrates, on metal 
substrates, on carbon substrates and various polymer films. Meanwhile, the Langmuir-
Blodgett technique and a similar “surface-tension driven” method have also used for the 
direct assembly of nanoparticle layers. The nanoparticles can be immobilized at the air-
water interface either within a “carrier” monolayer or by virtue of their own properties. 
Other monolayer syntheses including etching or direct growth on surfaces have been 
developed. These monolayers have also been used to construct nanoparticles multilayers 
resorting to the properties of nanoparticles or crosslinkers. In 2004, Roldughin 
summarized the development of self-assembly of nanoparticles at interfaces including 
solid substrates, non-spherical particles, external fields, gas-liquid interface, liquid-liquid 
interface, layer-by-layer deposition of nanoparticles and biosystems and polymers. 
Examples of the formation of ordered structures (two- and three-dimensional colloid 
crystals) are given in this review. An example of two different 2D superlattices can be 
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2.2.4 Synthesis and Organization of Gold Nanoparticles 
Among various nanoparticles, gold nanoparticles (AuNPs), as the most stable metal 
nanoparticles, became key materials and building block in recent years, because of their 
fascinating aspects such as their assembly of multiple types involving materials science, 
the behavior of the individual particles, size-related electronic, magnetic and optical 
peroperties (quantum size effect), and their applications to catalysis and biology. 
Thereupon, much effort has been expended on their synthesis and organization for the 
construction of functional nanomaterials. In this section, the research concerning about 
numerous strategic approaches of synthesis and organization of gold nanoparticles in 
detail are addressed, referring to a comprehensive review by Daniel and her colleague 
(Daniel et al., 2004). 
 
2.2.4.1 Citrate Reduction (Daniel et al, 2004) 
The conventional methods of synthesis of AuNPs are the reduction of gold (III) 
derivatives. One of the most popular ones is using citrate reduction of HAuCl4 in water, 
introduced by Turkevitch in 1951 (Turkevitch et al., 1951). The resultant AuNPs are ca. 
20 nm. AuNPs of prechosen size (between 16 and 147 nm) can be obtained via their 
controlled formation, i.e. tuning the ratio between the reducing/stabilizing agents (the 
trisodium citrate-to-gold ratio) (Frens, 1971). Even now this method is very often used 
when a rather loose shell of ligands is required around the gold core in order to prepare a 
precursor to valuable AuNP-based materials. As a typical example, the preparation of 
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sodium 3-mercaptopropionate-stabilized AuNPs was reported in which simultaneous 
addition of citrate salt and amphiphile surfactants was used; the size could also be 
controlled by varying the stabilizer/gold ratio (Yonezawa et al., 1999).  
 
2.2.4.2 The Brust-Schiffrin Method: two-phase synthesis and stabilized by thiols 
(Daniel et al, 2004) 
Schmid’s cluster [Au55 (PPh3)12Cl6] remained unique with its narrow dispersity (1.4 
±0.4 nm) for the study of a quantum-dot nanomaterial, despite its delicate synthesis 
(Schmid et al., 1981). The stabilization of AuNPs with alkanethiols was first reported in 
1993 by Mulvaney and Giersig, who showed the possibility of using thiols of different 
chain lengths and their analysis (Mulvaney et al., 1993). The Brust-Schiffrin method for 
AuNP synthesis has had a considerable impact on the overall field in less than a decade, 
because it allowed the facile synthesis of thermally stable and air-stable AuNPs of 
reduced dispersity and controlled size for the first time (ranging in diameter between 1.5 
and 5.2 nm) (Brust et al., 1994). Indeed, these AuNPs can be repeatedly isolated and 
redissolved in common organic solvents (e.g., toluene) without irreversible aggregation 
or decomposition, and they can be easily handled and functionalized just as stable 
organic and molecular compounds. The technique of synthesis is inspired by Faraday’s 
two-phase system (Faraday, 1857) and uses the thiol ligands that strongly bind gold due 
to the soft character of both Au and S (Brust et al., 1994 and 1995). AuCl4- is transferred 
to toluene using tetraoctylammonium bromide as the phase-transfer reagent and reduced 
by NaBH4 in the presence of dodecanethiol (Figure 2.12). The organic phase changes 
color from orange to deep brown within a few seconds upon addition of NaBH4: 
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The TEM photographs showed that the diameters were in the range 1-3 nm. Larger 
thiol/gold mole ratios give smaller average core sizes, and fast reductant addition and 
cooled solutions produced smaller, more monodisperse particles. A higher abundance of 
small core sizes (≦2 nm) is obtained by quenching the reaction immediately following 
reduction or by using sterically bulky ligands (Chen, 1999; Murray et al., 1999, 1996 and 
1997). Brust et al. extended this synthesis to p-mercaptophenol-stabilized AuNPs in a 
single-phase system (Brust et al., 1995), which opened an avenue to the synthesis of 
AuNPs stabilized by a variety of functional thiol ligands (Brust et al., 1994 and 1995; 
Murray et al., 1996, 1997 and 1999). Subsequently, many publications appeared 
describing the use of the Brust-Schiffrin procedure for the synthesis of other stable 
AuNPs, also sometimes called monolayer-protected clusters (MPCs), of this kind that 
contained functional thiols (Murray et al., 1996, 1997, 1998 and 1999). The proportion 
thiol:AuCl4- used in the synthesis controls the size of the AuNPs (for instance, a 1:6 ratio 
leads to the maximum average core diameter of 5.2 nm, i.e., ca. 2951 Au atoms and ca. 
371 thiolate ligands; core diameter dispersity of ~±10%). Murray et al. reported and 
studied the “place exchange” of a controlled proportion of thiol ligands by various 
functional thiols and subsequent reactions of these functional AuNPs (Murray et al., 
1998 and 1999). Schiffrin reported the purification of dodecanethiol-stabilized AuNPs 
from tetraactylammonium impurities by Soxhlet extraction (Schriffrin et al., 2003). The 
influence of nonionic surfactant polyoxoethylene (20) sorbitan monolaurate (Tween 20) 
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on surface modification of AuNPs was studied with mercaptoalkanoic acids (Aslan et al., 
2002). Digestive ripening, i.e., heating a colloidal suspension near the boiling point in the 
presence of alkanethiols (for instance, 138 oC for 2 min, followed by 5 h at 110 oC), 
significantly reduced the average particle size and polydispersity in a convenient and 
efficient way. Moreover, a striking feature of thiol-stabilised gold particles is their 
tendency to spontaneously form highly ordered superlattices simply by allowing the slow 
evaporation of the organic solvent on a suitable substrate (Figure 2.13). For instance, 
AuNPs obtained using acid-facilitated transfer are free of tetraalkylammonium impurity, 
are remarkably monodisperse, and form crystalline superstructures. A single-toluene 
phase method was also reported whereby the ammonium salt-stabilized AuNPs were 
synthesized, followed by an exchange reaction with dodecanethiol (Andres et al., 1996; 
Lin et al., 1999). 
 
 
Figure 2.12 Formation of AuNPs coated with organic shells by reduction of Au (III) compounds 
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Figure 2.13 A monolayer ordered superlattice of thiol-stabilized gold nanocrystals with two 
distinctive sizes and the particle diameter ratio about 0.58 (Kiely et al., 1998). 
 
Some ligands, such as alkanethiols, amines, carboxylate ligands; isocyanide, silanes, 
phosphines and halides, can be involved in digestive ripening, i.e., in a process in which 
a polydispersed colloidal suspension is transformed into monodispersed state upon 
refluxing in a solvent containing surfactant ligands (Stoeva et al., 2002). Other sulfur-
containing ligands such as xanthates and disulfides, di and trithiols, and resorcinarene 
tetrathiols, also have been used to stabilize AuNPs (Daniel et al., 2004). In the 
meanwhile, besides borohydride (Teranishi et al., 1997; Nuss et al., 2001), alcohols and 
ethers (Hirai et al., 1979), hydrazine (Spatz et al., 1996) and sodium 
diphenylaminosulfonate (Liu et al., 2006), as well as ultrasonic radiation (Esumi et al., 
1998), can be used for reduction (Dykman et al., 2007).  
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2.2.4.3. Microemulsion, Reversed Micelles, Surfactants, Membranes, and 
Polyelectrolytes (Daniel et al, 2004) 
 
The use of microemulsions (Chen et al., 2003), copolymer micelles (Sohn et al., 2003), 
reversed micelles (Chen et al., 2003), surfactant, membranes, and other amphiphilies is a 
significant research field for the synthesis (Belloni, 1996) of stabilized AuNPs in the 
presence or in the absence of thiol ligands (Chen et al., 2003). The syntheses involve a 
two-phase system with a surfactant that causes the formation of the microemulsion or the 
micelle maintaining a favorable microenvironment, together with the extraction of metal 
ions from the aqueous phase to the organic phase. This is an advantage over the 
conventional two-phase system. This dual role of the surfactant and the interaction 
between the thiol and the AuNP surface control the growth and stabilization of the AuNP 
or nanocrystal. The narrow size distribution allows the ordering of the particles into a 2D 
hexagonal close-packed array. AuNP sizes of the order of 4 nm diameter have been 
found (Manna et al., 2002). Polyelectrolytes have also been extensively used for the 
synthesis of AuNPs (Hassenkam et al., 2002; Gittins et al., 2001; Mayya et al., 2001 and 
2003). The polyelectrolyte coating of carboxylic acid-derivatized AuNPs with diameters 
less than 10 nm has been achieved by electrostatic self-assembly of oppositely charged 
polyelectrolytes (Mayya et al., 2003). For instance, Figure 2.14 shows a TEM image of 
an ordered array of micelles, each loaded with several gold particles. One single 
nanoparticle per micelle can be obtained, even with systematic variation of particle size, 
if the process is performed at the glass transition temperature (90 oC) poly(ethylene oxide) 
(Spatz et al., 1996). Particles of 6, 4, and 2.5 nm diameter have been prepared by variable 
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Figure 2.14 Gold particles inside of an ordered array of micelles (Spatz et al., 1996). 
 
 
Figure 2.15 TEM images of gold nanoparticles of various sizes generated in micelles of different 
sizes and by different loading ratios, a) 6nm, b) 4 nm, and c) 2.5 nm (Spatz et al., 1996). 
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2.2.4.4 Seeding Growth (Daniel et al, 2004) 
 
The seeding-growth procedure is another popular technique that has been used for a 
century. Recent studies have successfully led to control of the size distribution (typically 
10-15 %) in the range 5-40 nm, whereas the sizes can be manipulated by varying the 
ratio of seed to metal salts (Jana et al., 2001; Sau et al., 2001; Meltzer et al., 2001). The 
step-by-step particle enlargement is more effective than a one-step seeding method to 
avoid secondary nucleation (Carrot et al., 1998). Gold nanorods have been conveniently 
fabricated using the seeding-growth method (Busbee et al., 2003). 
 
2.2.4.5 Physical Methods: photochemistry (UV, Near -IR), sonochemistry, radiolysis, 
and thermolysis (Daniel et al, 2004) 
 
Physical (based on ultrasonic, UV, IR or ionizing radiation or laser photolysis) methods 
of reduction are much less commonly employed than chemical methods (Dykman et al., 
2007 and its references). The advantage of the former methods are that impurities of 
chemical compounds are absent in the resulting sols (on the metal particle surface).  
 
UV irradiation is another parameter that can improve the quality of the AuNPs, including 
when it is used in synergy with micelles or seeds (Mössmer et al., 2000; Sau et al., 2001; 
Meltzer et al., 2001). Near-IR laser irradiation provokes an enormous size growth of 
thiol-stabilized AuNPs (Mallick et al., 2001). The presence of an ultrasonic field (200 
kHz) allowed the control of the rate of AuCl4- reduction in an aqueous solution 
Chapter 2 Literature Review 
37 
containing only a small amount of 2-propanol and the sizes of the formed AuNPs by 
using parameters such as the temperature of the solution, the intensity of the ultrasound, 
and the positioning of the reactor (Zhou et al., 1999; Niidome et al., 2000; Reed et al., 
2003). Sonochemistry (Baranchikov et al., 2007) was also used for the synthesis of 
AuNPs within the pores of silica (Pol et al., 2003) and for the synthesis of Au/Pd 
bimetallic particles (Mizukoshi, 1997). Radiolysis has been used to control the AuNP 
size (Henglein et al., 1998) or to synthesize them in the presence of specific radicals 
(Dawson et al., 2000), and the mechanism of AuNP formation upon γ-irradiation has 
been carefully examined (Gachard et al., 1998). 
 
AuNPs have been fabricated via decomposition of [AuCl(PPh3)] upon reduction in a 
monolayer at the gas/liquid interface. The thermolysis of [C14H29Me3N][Au(SC12H25)2] 
at 180 oC for 5 h under N2 produced alkyl-groups-passivated AuNPs of 26 nm 
(Nakamoto et al., 2002). Thermolysis of crude preparation of Brust’s AuNPs without 
removing the phase-transfer reagent, tetraoctylammonium bromide, to 150-250 oC led to 
an increase of the particle sizes to 3.4-9.7 nm, and this size evolution was discussed on 
the basis of a thermodynamic model. The heat-treated AuNPs formed 2D superlattices 
with hexagonal packing. The conformation of the alkanethiol is all-trans, and these 
ligands interpenetrate each other (Figure 2.16) (Shimizu et al., 2003). Laser photolysis 
has been used to form AuNPs in block copolymer micelles (Bronstein et al., 1999). Laser 
ablation is another technique of AuNP synthesis that has been used under various 
conditions whereby size control can be induced by the laser (Mafuné et al., 2003). The 
evolution of thiol-stabilized AuNPs has been induced by and observed upon heating 
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(Maye et al., 2000; Magnusson et al., 1999; De Marchi et al., 2002; Luo et al., 2002; 
Nakaso et al., 2002; Jana et al., 2003). Structural changes of spherical aggregates 
composed of mercaptoacetate-stabilized AuNPs suspened in water were monitored by 
maintaining the spheroid suspension at a constant temperature, ranging from 65 to 91 oC, 
for 2-12 h. The spheroid diameter was reduced to almost 70 % of the original size, due to 
an irreversible “coagulative” transition resulting from fusion among the nanocolloids in 
spheroids. Morphology changes of AuNPs were also shown during sintering (Nakaso et 
al., 2002). Sputtering AuNPs by single ions and clusters was shown to eject AuNPs 
(Birtcher et al., 2003). 
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Figure 2.16 TEM images and size distributions of (a) [AuCl4]- before reduction; dodcanethiol-
AuNPs (b) as prepared and after heat treatment at (c) 150, (d) 190, and (e) 230 oC; and (f) 
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2.2.4.6 Solubilization in Aqueous Media (Daniel et al, 2004) 
 
Special emphasis has been placed on the synthesis of stable water-soluble thiol-stabilized 
AuNPs (Yonezawa et al., 2001; Foos et al., 2002; Kanaras et al., 2002; Kimura et al., 
2001; Warner et al., 2000; Simard et al., 2000; Yao et al, 2001) using thiols containing 
poly (ethylene oxide) chains or carboxylate modification. Poly (N-vinyl-2-pyrrolidone) 
(PVP) is the polymer of choice for the stabilization in water of AuNPs prepared by 
reduction of HAuCl4. 
 
2.2.4.7 Other Techniques (Daniel et al, 2004) 
 
Bimetallic nanoparticles containing gold as one of the elements have been synthesized in 
a variety of ways. Bimetallic AuNPs have been reported with Ag, Pd, Pt, TiO2, Fe, Zn, 
Cu, ZrO2, CdS, Fe2O3, and Eu (Daniel et al, 2004 and its reference therein). In the 
meantime, polymers, dendrimers, surfaces, films and silica were used to assembly of 
gold nanoparticles, which have been mentioned in the former sections. 
 
2.2.4.8 Biology (Daniel et al, 2004) 
 
The highest degree of control in the self-assembly of nanoparticle structures reported so 
far is achieved by exploiting DNA base pair recognition. This approach, independently 
developed by the research groups of Mirkin (Mirkin et al., 1997) and Alivisatos 
(Alivisatos et al., 1996), is based on the attachment of thiol-modified single stranded 
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DNA to the surface of gold nanoparticle. The DNA/nanoparticle conjugates can then 
recognize complementary DNA sequences and bind to them with extremely high 
selectivity. In this way it has been possible to bind particles to each other and to surfaces 
in a controlled fashion. Due to the urgent requirement of the fields of biosensors, disease 
diagnosis, and gene expression, lots of techniques fabricating AuNPs assemblies have 
been reported. Very recently Dykman and Bogatyrev gave us a systematic review on 
preparation, functionalisation and applications of gold nanoparticles in biochemistry and 
immunochemistry, presenting profound investigations on this fascinating aspect of gold 
nanoparticles (Dykman et al., 2007 and its reference therein).  
 
2.3 Characterization Techniques of Gold Nanoparticles 
There are a wide range of analytical techniques in these days for characterization 
nanomaterials. What types of information are provided by these techniques? For instance, 
elemental composition is perhaps the most basic information, followed by chemical state 
information, phase identification, and the determination of structure (atomic sites, bond 
lengths, and angles). The techniques used in this research work are the most common 
tools for the 1D, 2D and 3D assemblies of gold nanoparticles, such as XRD, TEM, UV-
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2.3.1 X-ray Diffraction (XRD) 
 
X-ray diffraction (XRD) is a powerful technique used to uniquely identify the crystalline 
phases present in materials and to measure the structural properties (strain state, grain 
size, epitaxy, phase composition, preferred orientation, and defect structure) of these 
phases. XRD is also used to determine the thickness of thin films and multilayers, and 
atomic arrangements in amorphous materials (including polymers) and at interfaces 
(Brundle et al., 1992). The XRD samples are prepared in the form of fine homogeneous 
powder and a thin smooth layer of the samples mounted on a substrate is held in the path 
of X-rays. The XRD patterns with diffraction intensity versus double diffraction angle (θ) 
are recorded from 10o-80o at a step size of 0.02o and step time of 0.01 seconds. The 
interlayer space (d) of the crystal planes can be obtained from Bragg’s equation 
( θλ sin2d= ) (Azaroff et al., 1958).  
 
2.3.2 Transmission Electron Microscopy (TEM) and Selected Area Electron 
Diffraction (SAED) 
 
Transmission electron microscopy, as a high spatial resolution structure and chemical 
microanalysis tool, has been proven to be powerful for characterization of nanomaterials. 
A modern transmission electron microscope gives one the capability to directly imaging 
atoms in crystalline specimens at resolutions close to 0.1 nm, smaller than interatomic 
distance. An electron beam can also be focused to a diameter smaller than ~0.3 nm, 
allowing quantitative chemical analysis from a single nanocrystal. This type of analysis 
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is extremely important for characterizing materials at a length scale from atoms to 
hundreds of nanometers. TEM can be used for characterizing nanocrystal self-assembled 
materials with an emphasis on analysis of particle shapes, crystallography of self-
assembly and the interparticle interaction (Brundle et al., 1992). 
 
High-resolution TEM is made possible by using a large-diameter objective diaphragm 
that admits not only the transmitted beam, but at least one diffracted beam as well. All of 
the beams passed by the objective aperture are then made to recombine in the image-
forming process, in such a way that their amplitudes and phase are preserved. When 
viewed at high-magnification, it is possible to see contrast in the image in the form of 
periodic fringes. The fringes that are visible in the high-resolution image originate from 
those planes that are oriented as Bragg reflecting planes and that possess interplanar 
spacings greater than the lateral spatial resolution limits of the instrument. 
 
SAED is a crystallographic technique that can be performed inside a TEM. The periodic 
structure of a crystalline solid acts as a diffraction grating, scattering the electrons in a 
predictable manner. Working back from the observed diffraction pattern, it can deduce 
the structure of the crystal producing the diffraction. SAED is similar to X-ray diffraction, 
but unique in that area as small as several hundred nanometers in size can be examined, 
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If a large number of randomly orientated crystallites are covered, ring patterns will be 
obtained. With fewer crystallites present in the selected aperture, the “rings” lose their 
continuity and a spotty ring pattern results. Furthermore, a single crystal will give rise to 
a regular and ideally symmetrical arrangement of diffraction spots, each of which has a 
different value of hkl. The pattern can be solved by the equation (D/2)·d =L·λe = camera 
constant (D/2: distance from any spot to the centre of the pattern; d: interlayer space; L: 
effective camera length; and λe: wavelength of the electron beam) (Fultz et al., 2001).  
 
2.3.3 Field Emission Scanning Electron Microscopy (FESEM) and Energy-
Dispersive X-Ray Spectroscopy (EDX) 
 
Field Emission Scanning Electron Microscopy (FESEM), as a type of electron 
microscopy capable of producing higher-resolution and less electrostatically distorted 
images, are mostly useful for judging the surface structure of the sample. Apart from 
sample images, FESEM can also provide information on the elemental composition of 
materials imaged with EDX. Being a type of spectroscopy, EDX relies on the 
investigation of a sample through interactions between light and matter, analyzing X-rays 
in its particular case. Its characterization capabilities are due to the fundamental principle 
that each element of the periodic table has a unique electronic structure and thus, a 
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2.3.4 X-ray Photoelectron Spectroscopy (XPS) 
 
Surface sensitivity, combined with quantitative and chemical state analysis capabilities 
have made XPS the most broadly applicable general surface analysis technique today. It 
is applicable to biological, organic, and polymeric materials through metals, ceramics, 
and semiconductors. Smooth, flat samples are preferable but engineering samples and 
even powders can be handled. It is a nondestructive technique (Brundle et al., 1992). 
Normally, each element produces a characteristic set of XPS peaks at characteristic BE 
values that directly identify each element that exists in or on the surface of the material 
being analyzed. These characteristic peaks correspond to the electron configuration of 
the electrons within the atoms, e.g., 1s, 2s, 2p, 3s, etc. The number of detected electrons 
in each of the characteristic peaks is directly related to the amount of the element within 
the area (volume) irradiated (Moulder et al., 1992). 
 
2.3.5 Atomic Force Microscopy (AFM) 
 
AFM is a very high-resolution type of scanning probe microscopy which can scan a 
sharp probe over a surface to image extremely small structures at 10 nm resolution, and 
generate a 3D map of the sample surface. AFM can be operated in contact mode, non-
contact mode, and tapping mode (Bai, 1999; Magonov et al., 1994). In this research work, 
only tapping mode was used to acquire topography and surface morphology of as-
prepared sample.  
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2.3.6 Thermogravimetric Analysis (TGA) 
 
As a thermal analysis technique, thermogravimetric analysis (TGA) is used to follow the 
change in mass of a sample as it is heated or held isothermally at a specific temperature. 
Operating temperatures for TGA typically range from about room temperature to 1000 
oC. TGA must use high-temperature inert sample holders, and quartz, ceramic materials, 
and platinum are the most commonly used materials of contruction. In a TGA 
experiment, a gas is purged through the system to provide a suitable atmosphere for the 
measurement and remove decomposition products from the sample chamber (Settle, 
1997). For TGA, the commonly investigated processes are: thermal stability and 
decomposition dehydration oxidation, determination of volatile content and 
compositional analysis. 
 
2.3.7 The UV-visible Light Spectroscopy 
 
Colloidal dispersions of nanomaterials exhibit absorption bands or broad regions of 
absorption in the ultraviolet-visible range due to the excitation of plasma resonances or 
interband transitions. Certain metals such as gold, silver, or copper have distinct 
absorption bands in the visible region due to the surface plasma resonances leading to 
brightly colored solutions. Mie theory can be used to calculate the absorption spectra of 
fairly dilute dispersions of spherical particles of colloidal dimensions from the 
wavelength dependence of the optical constants of the particles relative to the 
surrounding medium. Experimental results of the colloids can vary due to broadening of 
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the spectra because of polydispersity, partial aggregation, or departures from spherical 
particle shape. Furthermore, surface enhancement of nanoparticles has a definite effect 
on the surface plasmon band. Sometimes the disappearance of the plasmon band after 
growth of the nanoparticles is completed may be attributed to the aggregation occurring 
in solution (Wang et al., 2002). 
 
2.3.8 Fourier-Transform Infrared Spectroscopy (FTIR) 
 
FTIR is a measurement technique for collecting infrared spectra and analyzing the 
chemical bonding information. It works because chemical bonds have specific 
frequencies at which they vibrate corresponding to energy levels. Thus a particular bond 
type can be deduced from the frequency of the vibration. The detailed information of 
sample preparation and operational conditions will be introduced in the next chapters 
(George et al, 1987).  
 
2.3.9 Surface-Enhanced Raman Scattering (SERS) 
 
When an adsorbate on a rough metal surface is subjected to Raman scattering 
spectroscopy, very high enhancement over a flat substrate are observed. This SERS 
method, as a new technique to surface science, trace analysis and sensing, has been 
studied to explore its basic nature and generally accepted as common analytical method 
for adsorbates on active metals such as gold, silver, and copper (Shipway et al., 2000). 
Specially, the SERS activity of the gold nanoparticle aggregate system has been 
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successfully demonstrated for several molecules including Rhodamine 6G (R6G), adenie, 
L-cysteine, L-lysine, and L-histidine. For instance, from the morphology of gold sponges 
which had abundant interconnecting ligaments as a good aggregates substrate, it is 
reasonable that these gold sponges should show evident SERS activity (Schwartzberg et 
al., 2004; Ren et al., 2003; Jiang et al., 2005).  
 
2.4 Gold Application 
2.4.1 General information 
 
AuNPs, which have been known for 2500 years, are the subject of an exponentially 
increasing number of reports and are full of promises for optical, electronic, magnetic, 
catalytic, and biomedical applications in the 21st century, using the “bottom-up” 
approach with hybrid organic-inorganic and biological-inorganic building blocks derived 
therefrom (Daniel et al., 2004). 
 
Fascinating aspects are the optoelectronic properties of AuNPs related to the surface 
plasmon absorption, reflecting the collective oscillation of the conducting electrons of 
the gold core, a feature relevant to the quantum size effect (Daniel et al., 2004). 
Nonlinear Optics (NLO) applications of AuNPs are also rapid growing (Daniel et al., 
2004). The combination of this photonics discipline with biology and medicine has 
already been demonstrated by the seminal work on AuNP-DNA assemblies and is very 
promising for future biomolecular manipulations and applications, such as labeling, 
detection, and transfer of drugs, including genetic materials. 
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Excellent sensory and environmental devices are becoming available by tuning the 
spectroscopy, fluorescence, luminescene, and electrochemical characteristics of AuNPs 
with those of substrates including DNA, sugars, and other biological molecules or 
systems (Daniel et al., 2004). Another promising electrochemical field that has just 
started to develop is that of AuNP ultramicroelectrodes (Daniel et al., 2004). Thus, it is 
becoming possible to control molecules at a resolution well below that offered by 
photolithography. In particular, DNA is a candidate for this task because of its excellent 
specificity in base pairing, and it can be easily addressed at the nanoscale for applications 
in biosensing and bionanotechnology. 
 
Finally, although bulk gold is well known for being inert, the reactivity of the gold cores 
in AuNPs has recently proven very useful in catalytic applications, even at subambient 
temperatures, and the field of AuNP-catalyzed CO and methanol oxidation and O2 
reduction is now also developing at a rapid rate (Hutching et al., 2006). 
 
2.4.2 Gold Catalysis 
 
Catalysis by gold has rapidly become a hot topic in chemistry, with a new discovery 
being made almost every week. Gold is equally effective as a heterogeneous or a 
homogeneous catalyst. It is demonstrated experimentally by two famous groups: Haruta 
and Hutchings about ten years ago. Haruta et al. investigated the low-temperature 
oxidation of CO (Haruta et al., 1987) and Hutching the hydrochlorination of ethyne to 
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vinyl chloride, both heterogeneous reactions (Hutchings et al., 1985). At about the same 
time, Ito et al. reported the first sample of a homogeneous asymmetric catalysis. After 
these findings, there are various reports on this fascinating aspect of gold catalysis (Ito et 
al., 1986). Recently Hutchings and Hashmi gave a comprehensive review on gold 
catalysis, organizing by chemical transformation: hydrogenation, reactions involving 
carbon monoxide, selective oxidation and nucleophilic to π systems (Hutching et al., 
2006 and its references therein). In particular, the following reactions have now been 
shown to be effectively catalyzed by supported gold catalysts (World Gold Council, 
2007): 
z Carbon monoxide oxidation, including selective oxidation in a hydrogen stream 
z Catalytic combustion of hydrocarbons 
z Hydrochlorination of ethyne 
z Hydrogen + oxygen reaction to give hydrogen peroxide 
z Hydrogen sulphide and sulfur dioxide removal 
z Oxidation of glucose to gluconic acid 
z Oxidative decomposition of dioxins 
z Oxidative removal of mercury 
z Ozone decomposition 
z Reduction of NOx with propene, carbon monoxide or hydrogen 
z Selective hydrogenation, e.g. of alkynes and dienes to monoolefins 
z Vinyl acetate synthesis from ethane, acetic acid and oxygen 
z Water gas shift 
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One of the most exciting things about catalysis by gold are the ‘light off’ temperatures 
that are achieved (that is the temperature at which the catalyst becomes functional). 
Potentially, gold catalysts operate best in the temperature range 200-350 K compared to a 
platinum catalyst’s optimum performance in the range 400-800 K. Unlike many other 
platinum group metal catalysts, the presence of a high humidity is actually beneficial 
rather than detrimental to the activity. It is unlikely that gold will largely replace 
platinum group metals from their dominant position in precious metal catalysts. More 
likely is the potential to catalyze new reactions and in some cases offer alternative cost 
effective solutions. 
 
The use of gold as a catalyst requires careful and unconventional preparation of the gold 
metal, centered on achieving a very small gold particle size. Considerable emphasis has 
been placed on catalyst preparation, in particular the nature of the support, and most 
investigators agree that high-activity catalysts can be observed with α-Fe2O3 and TiO2, 
and recently with CeO2 as supports (Hutching et al., 2006 and its references therein). 
Most detailed studies have concentrated on TiO2. The preparation of Au/TiO2 catalysts 
by the deposition precipitation method has been recently studied in detail by Moreau et al. 
(2005). They note that the method involves the close control of many experimental 
variables, such as the concentration of the HAuCl4 solution, the temperature, and the pH 
value etc. Very recently, Li et al. report that presynthesized metallic nanoparticles (gold 
nanoparticles), rather than on-site growing ones that are prepared under thermally or 
photochemically activated conditions, can be “impregnated” uniformly onto premade 
oxide supports with organic interconnects which have bifunctional groups. Meanwhile, 
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methodic features of this general technique have been demonstrated using a model metal-
oxide system, Au/TiO2 (TiO2 in anatase phase) catalyst, in the photodegradation of 
organic compounds (e.g., methyl orange) (Li et al., 2006).  
 
2.5 Summary 
From the extensive literature presented it is clear that gold nanoparticles (AuNPs) offer 
many opportunities in catalysis, both in solution or at solid/gas and solid/liquid/gas 
interfaces. The reasons for the present excitement in AuNPs research are the stability of 
AuNPs, the extraordinary diversity of their modes of preparations (including biosynthetic 
modes and template synthesis) involving ceramics, glasses, polymers, ligands, surfaces, 
films, oxides, zeolithes, biomolecules, and bioorganisms, and their essential properties 
and role in nanoscience and future nanotechnology. Within these preparative and 
organizing strategies, self-assembly has become an effective approach in nanomaterials 
research to achieve the ensembles of gold nanoparticles with novel properties. 
Exploitation of various AuNPs nanocomposites using self-assembly method, especially 
‘template-free’ method will be surely a promising area in future. 
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CHAPTER 3  
PARALLEL ONE-DIMENTISONAL ASSEMBLY 
 OF GOLD NANOPARTICLES 
3.1 Introduction 
One-, two-, and three-dimensional (1D, 2D and 3D) assemblies of nanoparticles (0D) 
have become a subject of active research in recent years (Bezryadin et al., 1997 and 1999; 
Tang et al., 2002; Pacholski et al., 2002; Cho et al., 2005; Liu et al., 2005; Bae et al., 
2005; Deng et al., 2005; Minko et al., 2002; Burkett et al., 1996; Correa-Duarte et al., 
2006; Gao et al., 2005; Huang et al., 2006; Fresco et al., 2005; Huang et al., 2006; Guan 
et al., 2005; Yatsui et al., 2005; Lin et al., 2005; Dirix et al., 1999; Yin et al., 2003; Dirix 
et al., 1999; Yin et al, 2003; Zeng et al., 2004; Ohara et al., 1997; Nikoobakht et al., 2000; 
Demers et al., 2001; Hassenkam et al., 2002; Teranishi et al., 2001; Shimizu et al., 2003; 
Kanehara et al., 2003; Jin et al., 2004; Liz-Marzán et al., 2003; Dumestre et al., 2005; 
Fan et al., 2005). As an important noble metal, for example, nano-sized gold (Au) 
particles in different geometrical forms have been recently synthesized and organized 
into various superlattices and superstructures (Bae et al., 2005; Deng et al., 2005; Minko 
et al., 2002; Burkett et al., 1996; Correa-Duarte et al., 2006; Gao et al., 2005; Huang et 
al., 2006; Fresco et al., 2005; Huang et al., 2006; Guan et al., 2005; Yatsui et al., 2005; 
Ohara et al., 1997; Nikoobakht et al., 2000; Demers et al., 2001; Hassenkam et al., 2002; 
Teranishi et al., 2001; Shimizu et al., 2003; Kanehara et al., 2003; Jin et al., 2004; Liz-
Marzán et al., 2003; Fan et al., 2005). With their pseudospherical shapes, the Au 
nanoparticles can self-assemble into stable and ordered constructs with assistance of 
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surfactants, ligands, and templates. In comparison to 2D and 3D assemblies, which are 
commonly in the forms of square and hexagonal arrangements or stacks (Ohara et al., 
1997; Nikoobakht et al., 2000; Demers et al., 2001; Hassenkam et al., 2002; Teranishi et 
al., 2001; Shimizu et al., 2003; Kanehara et al., 2003; Jin et al., 2004; Liz-Marzán et al., 
2003; Fan et al., 2005), 1D-assembly of Au nanoparticles is much more difficult to 
pursue, because the (0D) nanoparticles normally do not exhibit distinct intrinsic 
anisotropies, noting that gold has a face-centered cubic (fcc) crystal structure. To 
circumvent this difficulty, various organizing strategies have been developed, mostly 
templating technique, in which biomolecules (e.g., DNA), polyelectrolytes, nanotubes, 
fibers, liquid-solid-air interface (a Langmuir-Blodgett method) and prescribed line 
structures, and so forth, have been successfully utilized (Bae et al., 2005; Deng et al., 
2005; Minko et al., 2002; Burkett et al., 1996; Correa-Duarte et al., 2006; Gao et al., 
2005; Huang et al., 2006; Fresco et al., 2005; Huang et al., 2006; Guan et al., 2005; 
Yatsui et al., 2005). Concerning a next-phase research in this area, template-free 1D-
assembly of nanoparticles would be highly desirable. As an excellent example in this 
emerging new research, a facile self-assembly of Au nanoparticles into branched chain 
networks had been very recently realized through surface ligand exchange (Lin et al., 
2005). Nonetheless, without the guidance of prepatterned hard templates, straight, well-
ordered, unbranched 1D assembly of Au nanoparticles with a precise interparticle 
distance has remained unsuccessful so far (Lin et al., 2005; Dirix et al., 1999). In this 
work, an investigation on 1D self-assembly of Au nanoparticles via manipulating surface 
ligand content, particle size, and dispersive concentration is addressed. Using the present 
template-free approach, stable parallel 1D-assemblies of Au nanoparticles have been 
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obtained for the first time. 
3.2 Experimental Section 
3.2.1 Preparations of Au nanoparticles 
In this work, primary Au nanoparticles were prepared with a modified Brust’s two-phase 
method using tetra-n-octylammonium bromide ([CH3(CH2)7]4NBr, TOAB), hydrogen 
tetrachloroaurate trihydrate (HAuCl4·3H2O), sodium borohydride (NaBH4), and 1-
dodecanethiol [CH3(CH2)11SH, DDT]. Three major parameters examined herein were (i) 
ethanol washing, (ii) heat-assisted Au particle growth, and (iii) dispersion of the Au 
nanoparticles in toluene. Details on these experiments are summarized as follows:  
The as-prepared samples: In a typical synthesis, Au nanoparticles were prepared 
according to Brust’s two-phase reaction procedure with some minor modifications (Brust 
et al., 1994). Briefly, the hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O) aqueous 
solutions (32.85 mM, 3.0 mL) was added to tetra-n-octylammonium bromide (TOAB) in 
toluene (49.5 mM, 3.982 mL), and the mixture was vigorously stirred. The yellow 
aqueous solution became colorless, and the toluene phase turned orange as a result of the 
transformation of [AuCl4]- with TOAB cations. After stirring the solution mixed with 1-
dodecanethiol (DDT) in toluene (0.1106 M, 0.4455 mL) for 15 min at room temperature, 
a freshly prepared aqueous solution (0.4457 M, 2.2 mL) of sodium borohydride (NaBH4) 
was added to the vigorously stirred solution. The resulting solution immediately turned 
from orange to deep brown and continued to be stirred for 15 min. The organic phase 
(about 4.43 mL) was evaporated inside a vacuum container at room temperature and the 
solid product obtained at this stage was termed as “the as-prepared Au nanoparticles” in 
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the main text. 
The ethanol-washed samples: In another method studied in this work, the same organic 
phase (about 4.43 mL) obtained from the above was mixed with 30 mL of ethanol to 
remove excess organic ligands (i.e., TOAB and DDT). The dark brown precipitate in 
ethanol was separated by centrifuging with 5000 rpm for 10 min. The crude product was 
dissolved in 3 mL toluene and again precipitated with 30 mL ethanol. After the same 
centrifuging separation and air drying at room temperature, the products are called as 
“the ethanol-washed Au nanoparticles” in the main text. In some case, up to 3 washing 
cycles were performed. 
The heat-treated samples: The heat treatments for the Au nanoparticles were carried out 
in a quartz tube furnace operated under normal atmospheric ambience. The heating rate 
was selected in the range of 2-10 oC per minute. When reaching a desired temperature 
(130-300 oC), the samples were held at the same temperature for 30 to 120 min, followed 
by natural cooling to room temperature. The products are called as “the heated Au 
nanoparticles” in the main text. 
The toluene-diluted samples: In preparation of suspensions of Au nanoparticles for 
TEM/HRTEM analysis, 0.5-2.5 mg of the above samples was added into 3-12 mL of 
toluene in an ultrasonic bath. One or two drops of the prepared suspensions were placed 
onto holey carbon films supported on standard copper grids. After toluene evaporation, 
the specimens were ready for examination by TEM/HRTEM/SAED methods. 
3.2.2 Materials characterizations 
The prepared materials were characterized with transmission electron microscopy (TEM, 
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JEM-2010F), high-resolution TEM and selected area electron diffraction 
(HRTEM/SAED, Philips-CM200 FEG), Fourier transform infrared spectroscopy (FTIR, 
Bio-Rad FTS 135), elemental analysis (Perkin-Elmer 2400 CHNS analyzer), and X-ray 
photoelectron spectroscopy (XPS; AXIS-HSi, Kratos Analytical). 
3.3 Results and Discussion 
Figure 3.1 presents three sets of 1D assemblies of the 150 oC-heated Au nanoparticles in 
toluene solvent. When the Au particle concentration was high, two dimensional 
hexagonal arrays were formed together with basin-like voids. Quite surprisingly, parallel 
line-assemblies of the Au nanoparticles were also aligned across the surfaces. These 
particle lines were smooth and stable, extending several micrometers without breaking 
their linearity. In particular, the thread-like assemblies were not interrupted by the 
substrates when they are climbing up from the uncovered sample grid to the terrace of 
the 2D Au aggregates, noting that the both substrates (i.e., the uncovered grid area and 
the 2D aggregates) had similar hydrophobic natures. Nonetheless, this particle-substrate 
interaction was rather weak. It is noted that there is no definite relationships between the 
hexagonal 2D arrays and the line assemblies, as detailed in Figure 3.2a, which suggests 
that the lined particles may be simply formed in a more dilute suspension after the 
process of 2D sedimentation. A combined investigation using both STEM and FESEM 
techniques indicates that the structural effect of pristine TEM sample grid on the 
observed assemblies can be ruled out (Figure 3.3). Indeed, the parallel arrangement with 
constant interline spaces confirms that these 1D assemblies were coexisting prior to the 
drying, i.e., the linear engagement among the Au particles has been established in the 
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solution phase. Consistent with these observations, the 2D arrays become lesser with 
more toluene in the suspensions, as shown in Figure 3.1c, d. Despite shorter lengths, the 
linear interconnectivity among different smaller segments is still maintained. At an even 
lower concentration of Au (Figure 3.1e, f), the 1D assemblies of Au nanoparticles 
become predominant, accompanied by a small amount of tiny 2D islands formed merely 
from larger Au nanoparticles. 
The above observations can be attributed to the factors tested in this work: (i) controlling 
surface population of capping ligands via washing the as-synthesized Au nanoparticles 
with ethanol; (ii) tuning the size of Au nanoparticles by heating, and (iii) diluting the Au 
nanoparticles in toluene to generate the 1D organization. Without ethanol washing, for 
instance, the as-prepared Au nanoparticles always give 2D hexagonal arrangements, and 
they had an average size of 2.2±0.7 nm. When they are heated at 150  oC, on the other 
hand, the nanoparticles can be grown into larger ones (Teranishi et al., 2001; Shimizu et 
al., 2003), whose size is increased to 3.6±0.6 nm. 
The crystallographic structure of Au nanoparticles is verified with the SAED 
investigation reported in Figure 3.2. As small spherical Au nanoparticles normally 
possess {111} facets (e.g., cuboctahedron and decahedron, etc.), the {111} ring is more 
pronounced in the diffraction pattern. 
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Figure 3.1 TEM images of 1D-assemlies of Au nanoparticles (ethanol washed and 150 oC heat-
treated) in toluene solvent: normal suspension (a and b), diluted suspension (c and d), and more 











Figure 3.2 TEM image (a) and its corresponding SAED pattern (b) measured for Au 
nanoparticles synthesized after heating at 150 oC (see Experimental Section). 
 
 




Figure 3.3 Complementary STEM and FESEM images measured for an identical sample area, 
which shows that there is no special feature of the pristine TEM samples grid that contributed to 
the observed assemblies. However, due to the small Au nanoparticles and surface charging, the 
Au lines observed in STEM image cannot be detected in FESEM image. Nevertheless, the 
structural effect of TEM sample grid on the observed assemblies can be ruled out. Light blue 
arrowed lines are to guide your comparison. 
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The FTIR investigation of Figure 3.4 (and Figure 3.5) shows that both DDT and TOAB 
are present on the as-prepared Au nanoparticles, since the spectrum of this sample shows 
a superimposition of the fingerprint vibrations of the two compounds. This IR study also 
indicates that ethanol washing is an efficient means to remove excess organic surfactants. 
For example, C-H vibrational modes located at 2920 and 2850 cm-1 [νas(CH2) and 
νs(CH2) ] and weaker modes at 2962 and 2878 cm-1 [νas(CH3) and νs(CH3)] and νs(CH3) 
of the surface adsorbed ligands have been significantly reduced after washing 
(Supporting information). At a moderate temperature (e.g., 150 oC under the ambient 
conditions), these organic species can be kept on the Au surfaces, leading to stable 
suspension with toluene solvent (i.e., Figure 3.1). However, the surfactant oragnics are 
essentially burnt away at higher temperatures (e.g., 200-300 oC), accompanies with 
fusion of the pristine Au nanoparticles. In well accordance with the FTIR results, the 
CHNS analysis in Table 3.1 also reveals the same trend of reduction in surface-capping 
organics. 
The XPS results of Figure 3.4b show that the Au4f7/2 and 4f5/2 photoelectrons have the 
binding energies (BEs) of alkanethiol-capped Au0 at 83.9 and 87.6 eV (Li et al., 2005), 
while the tiny components at 84.8 and 88.3 eV indicate a small degree of charge transfer 
from the gold to the thiol ends. As expected, the BEs of S 2p3/2 and 2p1/2 at 162.0 and 
163.3 eV are the typical values for the adsorbed thiols on Au (Li et al., 2005), and sulfate 
ions (S 2p3/2 and 2p1/2 at 168.5 and 169.4 eV, Figure 3.4c) were found on the Au when the 
alkanethiol was oxidized. 




Figure 3.4 FTIR spectra (a) of the as-prepared, ethanol-washed, and heated Au nanoparticles 
(Experimental Section), and XPS spectra of Au 4f and S 2p photoelectrons of the Au 
nanoparticles heated at 150 oC and 200 oC (c). 
 
 









Figure 3.5 FTIR spectra of detailed peaks of C-H vibrational modes described in the main text 
for the as-prepared, ethanol-washed, and heated Au nanoparticles. 
 
 
Figure 3.6 gives two representative HRTEM images of the self-assembled Au chains. 
High crystallinity (i.e., clear lattice fringes can be observed, d111= 0.24±0.01 nm) of the 
Au nanoparticles is generally confirmed, although the decahedral-type structure can also 
be found. The constant interparticles space is ca. 1.8 nm, indicating an interpenetration of 
the anchored DDT molecules in this line assembly. It seems that all the Au nanoparticles 
are randomly oriented and there is no strict requirement for crystal orientation in such 1D 
alignment. The present approach appears to be able to circumvent a number of technical 
dilemmas in the template-assisted methods (Bae et al., 2005; Deng et al., 2005; Minko et 
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al., 2002; Burkett et al., 1996; Correa-Duarte et al., 2006; Gao et al., 2005; Huang et al., 
2006; Fresco et al., 2005; Huang et al., 2006; Guan et al., 2005; Yatsui et al., 2005). For 
example, controlling interparticle distance is a major drawback in phospholipids, 
polyelectrolytes, and biomolecule-assisted 1D Au assemblies, while preparing single-
stranded Au nanoparticle chains is extremely difficult using nanotube templates because 
of their large radial dimensions and nonspecific adsorption sites (Bae et al., 2005; Deng 
et al., 2005; Minko et al., 2002; Burkett et al., 1996; Correa-Duarte et al., 2006; Gao et 
al., 2005; Huang et al., 2006; Fresco et al., 2005; Huang et al., 2006; Guan et al., 2005; 
Yatsui et al., 2005). Furthermore, the intricacy among the Au chains resulting from the 
macromolecular or supramolecular templating techniques can be significantly reduced 
with our present method. 
Based on the above results, a process flowchart is summarized in Figure 3.6. In general, 
heat-treated Au nanoparticles give better 1D-assembling results (Figure 3.1), although 
short Au chains have also been attained in the washed sample without heat-treatment 
(Figure 3.7). It should be mentioned that the molar ratio of TOAB/DDT is about 2:1 









Figure 3.6 HRTEM images (a, b) of the 150 oC–heated sample: (a-1) a particle viewed along 
[111] axis, (a-3 and a-4) lattice fringes of d111 viewed with a tilted angle, (b-1) a fivefold 
symmetry seen on a decahedral particle, (a-2, b-2) two randomly oriented particles. The process 
flowchart (c) of this work: (1) as-prepared nanoparticles. (2) partial removal of surface organics, 
(3) assemblies of the washed sample, (4) the heat-assisted particle growth, and (5) parallel 1D 
assembly of larger particles. The organic surfactants refer to DDT-molecules, and TOAB is not 










Figure 3.7 TEM images of the 1D-assembly of small-sized Au nanoparticles (without heat-
treatments) after washed with ethanol (i.e., the ethanol-washed sample). The population of these 
chains is not as high as those shown in Figure 3.1 of the main text. 
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However, TOAB has been significantly reduced after ethanol washing, and the resultant 
surface composition (the molar ratio of TOAB/DDT≈1:5, deduced from Table 3.1) does 
not change essentially even after heat treatment at 150 oC. The better results observed in 
the heat-treated sample can thus be attributed to a balance between optimal Au particle 
size and optimal number of surfactant molecules for linear engagement. It is also 
believed that, in order to maximize van der Waals interaction among their aliphatic ends, 
the limited capping surfactants will accumulate themselves on the two opposite sides of a 
Au particle (i.e., steps 2 to 3 and 4 to 5, Figure 3.6c), considering also possible synergetic 
action (such as salvation effect) from the non-polar solvent molecules to the capping 
ligands. It is noted that, in order to generate the parallel unidirectional line engagement, 
there must be repulsive electrostatic forces among the Au strings (existing in less DDT-
covered portions). Herein, we propose a possible mechanism. While the longer DDT 
molecules are relocating, the positive quaternary amine head-group and its counterion 
(Br-) of the shorter TOAB left behind may become less screened. The resultant charge 
redistribution along the sideways may thus contribute to the lateral engagement among 
the neighboring Au strings via Coulomb repulsive interactions. The actual location of the 
solvated bromide ion, whether in close proximity to the positive headgroup or far from 
surface of the Au nanoparticles, is clearly a challenging topic in determining the sign of 
charge repulsion.  
3.4 Further investigation 
In the main text, the representative TEM images of 1D assemblies of Au nanoparticles 
show their formations via manipulating surface ligand content, particle size, and 
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dispersive concentration, while there are much more detailed information on effect of 
these key process parameters. In order to further testify this investigation, herein the 
supporting information (e.g., surface ligand content) is summarized. 
Figure 3.8 shows that the 1D assemblies of Au nanoparticles did not come out at the 
same synthesis condition of Figure 3.7 (e.g., molar ratio of Au/DT and TOAB/Au) if the 
excessive DDT and TOAB were not removed via ethanol washing. The compact 
organization of Au nanoparticles (Figure 3.7a-b) and large-scale 2D hexagonal 
arrangements (Figure 3.7c-d) were obviously observed so that Au nanoparticles without 
ethanol washing were protected well with concentrated DDT or TOAB, even after heat 
treatment. As described in the main text, 1D assemblies of Au nanoparticles without 
ethanol washing may be obtained by extending the time of heat treatment or increasing 
the reaction temperature. Thereinto, the temperature effect on 1D assemblies of Au 
nanoparticles (same synthetic condition of Figure 3.1) were presented in Figure 3.9. 
Besides ethanol washing and heat treatment, the synthetic condition of Au nanoparticles 
(e.g. molar ratio of Au/DDT and TOAB/Au) also can be tailored to achieve accurately 
the amount of TOAB and DDT, as shown in Figure 3.10. In general, it is of importance to 
manipulate the surface ligand content prior to heat treatment. 




Figure 3.8 TEM images of gold nanoparticles in toluene solvent (without ethanol washing): (a-b) 
without heat treatment (c-d) 150 oC heat treated. 
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As discussed earlier, a balance of the optimal Au particle size and optimal number of 
surfactant molecules may lead to the better results of 1D assemblies of Au nanoparticles. 
In this work, the particle size is mainly tailored via the conditions of heat treatment, 
which increase the complexity and difficulties to reproduce the better results of 1D 
assemblies. In order to seek moderate means to overcome this limitation, the molar ratio 
of Au to thiols molecules was modulated in a wide range (e.g., Au/DDT=10:1). On the 
basis of the previous studies of Brust’s method, the less DDT molecules were used, the 
bigger gold nanoparticles were obtained. As expected, the better results were obtained 










Figure 3.10 TEM images of 1D assemblies of Au nanoparticles (ethanol washed and heate-
treated) with different preparative conditions of TOAB/Au and Au/DDT: (a-b) TOAB/Au=2:1, 













Figure 3.11 TEM images of 1D assemblies of Au nanoparticles (without heat treatment) in 
toluene solvent: Au/DDT=10, TOAB/Au=2, with extra DDT addition and ethanol-washing.  
 
3.5 Conclusions 
In summary, for the first time, key process parameters to generate parallel unidirectional 
1D-assemblies of gold nanoparticles with the assistance of organic surfactants are 
identified. By controlling the surfactant population, metal particle size, and amount of 
solvent for dispersion, the length of nanoparticle chains and their inter-chain space are 
further tailored. In principle, the general findings of this work can also be extended to 
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large scale 1D-organization of other transition/noble metal nanoparticles using simple 
organic surfactants. 
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CHAPTER 4 
MESOSCALE SPHERICAL AND PLANAR ORGANIZATIONS 
OF GOLD NANOPARTICLES 
4.1 Introduction 
In recent years, small ball-like nanoparticles or its shape approximates have been utilized 
as fundamental building blocks to construct one-, two- and three-dimensional (1D, 2D 
and 3D) structures (Wang, 1998; Bezryadin et al., 1997 and 1999; Tang et al., 2002; 
Pacholski et al., 2002; Yin et al., 2003; Zeng et al., 2004; Cho et al., 2005; Shevchenko et 
al., 2006; Liu et al., 2005; Li et al., 2005). Along with this research advancement, gold 
(Au) nanoparticles (0D) with different geometrical shapes have been extensively 
investigated; various synthetic strategies and their related assembling methods have been 
in place (Burkett et al., 1996; Dirix et al., 1999; Minko et al., 2002; Deng et al., 2005; 
Bae et al., 2005; Bae et al., 2005; Gao et al., 2005; Fresco et al., 2005; Guan et al., 2005; 
Lin et al., 2005; Yatsui et al., 2005; Correa-Duarte et al., 2006; Huang et al., 2006; 
Zhang et al., 2006; Ohara et al., 1997; Nikoobakht et al., 2000; Demers et al., 2001; 
Hassenkam et al., 2002; Teranishi et al., 2001; Shimizu et al., 2003; Kanehara et al., 
2003; Liz-Marzán et al., 2003; Jin et al. et al., 2004; Minko et al., 2002; Gutiérrez-Wing 
et al., 2000; Fan et al., 2004 and 2005; Yao et al., 2006; Brust et al., 1994; Maye et al., 
2002, 2003 and 2005; Zhang et al., 2006; Murthy et al., 2004; Fink et al., 1998; Hu et al., 
2004). Among them, organic surfactant-assisted assembly of Au nanoparticles (as well as 
other nanoparticles in general) is a widely investigated approach, in which the 
aggregative force relies primarily on van der Waals interactions among the surfactant 
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molecules anchored on metal surfaces (Burkett et al., 1996; Dirix et al., 1999; Minko et 
al., 2002; Deng et al., 2005; Bae et al., 2005; Bae et al., 2005; Gao et al., 2005; Fresco et 
al., 2005; Guan et al., 2005; Lin et al., 2005; Yatsui et al., 2005; Correa-Duarte et al., 
2006; Huang et al., 2006; Zhang et al., 2006; Ohara et al., 1997; Nikoobakht et al., 2000; 
Demers et al., 2001; Hassenkam et al., 2002; Teranishi et al., 2001; Shimizu et al., 2003; 
Kanehara et al., 2003; Liz-Marzán et al., 2003; Jin et al. et al., 2004; Minko et al., 2002; 
Gutiérrez-Wing et al., 2000; Fan et al., 2004 and 2005; Yao et al., 2006; Brust et al., 
1994; Maye et al., 2002, 2003 and 2005; Zhang et al., 2006; Murthy et al., 2004; Fink et 
al., 1998; Hu et al., 2004). Using this method, there are two possibilities that a final 
assembled product of Au nanoparticles may adopt. First, the Au nanoparticles can simply 
associate with each other, giving rise to a random particle aggregate (Maye et al., 2002, 
2003 and 2005; Zhang et al., 2006; Murthy et al., 2004). Second, in contrast, the Au 
nanoparticles may self-assemble into superlattices and/or superstructures, where the Au 
nanoparticles are periodically located in lattice spaces (Fan et al., 2004 and 2005; Yao et 
al., 2006). In the latter case, the nanoparticles should then be viewed as artificial atoms, 
resembling to the atomic or molecular species in normal crystal lattice arrangements. 
In the above research endeavors, a two-phase synthesis protocol proposed by Brust and 
his colleague for Au nanoparticle preparation has received great attention over the past 
12 years. The Brust method basically involves the following two reaction steps (Brust et 
al., 1994): 
AuCl4- (aq) + N(CH3(CH2)7)4+ (tol)       N(CH3(CH2)7)4+ AuCl4- (tol)  (1) 
mAuCl4- (tol) + nCH3(CH2)11SH (tol) + 3me-      (Au)m( CH3(CH2)11SH)n (tol) + 4mCl- (aq)  (2), 
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where the tetraoctylammonium cation (TOAB, N(CH3(CH2)7)4+) acts as a phase-transfer 
reagent to extract the gold source tetrachloroaurate anion (AuCl4-) from aqueous (aq) 
phase to toluene (tol) phase. The electrons required in eq (2) are provided by sodium 
borohydride (NaBH4) while the Au nanoparticles (Au)m arising from this process are 
capped with 1-dodecanethiol surfactant (DDT, CH3(CH2)11SH, which is present in the 
toluene phase), giving (Au)m(CH3(CH2)11SH)n (tol) as a simplified expression in eq (2). On 
the basis of this two-phase system, many modified versions are now available, which 
leads to an even wider scope of applications of this protocol (Brust et al., 1994). For 
example, the size of Au nanoparticles has been precisely controlled through a post-
growth thermal treatment (Teranishi et al., 2001; Shimizu et al., 2003). With an 
additional washing, the surface organics of the Au nanoparticles can be partially 
eliminated, and the controlled surfactant population has been identified as a key process 
parameter for generation of template-free linear assemblies of Au nanoparticles (Zhang 
et al., 2006). Without using DDT, on the other hand, multi-stacked structures formed by 
TOAB-capped Au nanoparticles have been found to be more ordered, compared to those 
organized by DDT-covered Au nanoparticles (Fink et al., 1998; Hu et al., 2004). In order 
to generate spherical assemblies of Au nanoparticles, furthermore, tetradentate-thioethers 
(such as Si(CH2SCH3)4) have been utilized as a linkage mediator to generate Au-S 
bonding among neighboring TOAB-capped Au nanoparticles (Maye et al., 2002, 2003 
and 2005). Spherical aggregates of the Au nanoparticles with controllable sizes have thus 
been obtained, accompanied with interesting optical properties as well (Maye et al., 2002, 
2003 and 2005). While the two-phase protocol shows great versatility for synthesis of Au 
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nanoparticles, however, the exact roles of each reagent used in this approach remain to 
be further understood and explored. 
As indicated above, it is apparent that the TOAB used can be more than a simple phase-
transfer reagent. Because DDT has a strong tendency to bind to gold, the exact role of 
TOAB is not very clear in many cases, especially when the DDT is predominant in 
synthesis. In addition to the roles of surfactants, hierarchical organization of the Au 
nanoparticles derived from this protocol deserves a further attention. To address these 
issues, in this research work, we will present a systematic investigation on the roles of 
the starting reagents used in the two-phase protocol. The results show that TOAB- or 
TOAB-DDT-anchored Au nanoparticles can self-assemble into spherical aggregates in 
the hierarchical forms of discrete, linear, and two-dimensional arrays, without using any 
additional structural linkers. Interestingly, the Au nanoparticles in these interconnected 
spherical aggregates are highly ordered when their size is enlarged with aging, showing a 
long range lattice-integration. Furthermore, a structural evolution of mesoscale spherical 
assemblies to planar organizations of Au nanoparticles has been revealed for the first 
time. These findings may shed light on this general understanding of this widely adopted 
synthesis protocol, especially in the area of mesoscale self-organizations.  
 
4.2 Experimental Section 
4.2.1 Synthesis of suspension sample  
In a typical synthesis, primary Au nanoparticles used for organization and self-assembly 
were prepared with a modified two-phase reaction preocedure reported by Brust’s group 
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(Brust et al., 1994). Briefly, the hydrogen tetrachloroaurate trihydrate (HAuCl4•3H2O; 30 
mM, 3.0 mL, in water solvent) solution was added to tetraoctylammonium bromide 
([CH3(CH2)7]4N+Br-; TOAB; 50 mM, 3.6 mL, in toluene (C7H8)) under stirring condition. 
The yellow aqueous solution became colorless, while the toluene phase turned orange as 
result of the transformation of [AuCl4]- with TOAB cations. The solution was mixed with 
1-dodecanethiol (CH3(CH2)11SH; DDT; 0.11 M, 0.082 mL, in toluene) and stirred for 
another 15 min at room temperature. A freshly prepared solution of sodium borohydride 
(NaBH4; 0.44 M, 2.05 mL, in water) was then added into the vigorously stirred solution. 
The resulting solution immediately turned from orange to deep brown and continued to 
be stirred for 15 min. Unless otherwise specified, in most synthesis of this work the Au 
nanoparticles were prepared at Au/TOAB=0.5, Au/DDT=10, and Au/NaBH4=0.1 
according to the above procedure, noting that the Au/DDT ratio (=10) herein was 
significantly departed from the ratio used in the unmodified Brust’s method (Au/DDT=1). 
4.2.2 Suspension samples during organization evolution 
 In order to understand the functions of DDT surfactant in the Au nanoparticle 
organization, the change of Au/DDT ratio was also investigated. In this series of tests, 
the as-prepared suspension obtained from Section 4.2.1 was added with an additional 
amount of DDT solution (0.11 M of DDT in toluene). The total DDT in the system is 
also expressed in terms of the Au/DDT ratio, which was changed from 10 to 0.33, 
depending on the amount of DDT present. For example, another 0.082 mL of DDT 
solution (0.11 M) added into the original Au suspension (prepared from Section 4.2.1; 
Au/DDT =10) would change the Au/DDT ratio of the system to 5. Similar to the DDT 
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used here, other surfactants such as 1, 9-nonanedithiol, 3-mercaptopropionic acid (MPA, 
HS(CH2)2COOH), oleic acid, and cetyltrimethylammonium bromide (CTAB) were also 
tested for the same purpose. 
4.2.3 Materials characterization.  
TEM/SAED measurement:  Investigations with transmission electron microscopy 
(TEM) and selected area electron diffraction (SAED) were carried out on a JEM-2010 
operated at 200 kV. The speciments used in the measurement were prepared by placing a 
few drops of as-prepared Au nanoparticles suspensions (from Section 4.2.1 and 4.2.2) 
onto carbon-coated 200-mesh copper grids, followed by natural drying. 
FESEM/STEM measurement: Morphological and structural investigations were also 
carried out with field-emission scanning electron microscopy, scanning transmission 
electron microscopy and energy-dispersive X-Ray spectroscopy (FESEM/ STEM/ EDX; 
JSM-6700F). In a typical measurement, the same TEM copper grids mentioned above 
were directly placed into a special copper holder. All the measurements were operated at 
25 kV. 
AFM measurement: Size and thickness of assemblies of Au nanoparticles were 
examined with atomic force microscopy (AFM; DI nanoScope Multimode). Tapping 
mode was employed in this study with a standard a silicon cantilever. The Au 
nanoparticle specimens in this measurement were prepared by evaporating a few drops of 
as-prepared Au nanoparticle suspensions (from Section 4.2.1) on a mica substrate 
(Muscovite mica; KAl2(AlSi3O10)(OH)2; Cat.#71851-05). 
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UV-Visible measurement: UV-Visible absorption spectroscopy measurements were 
carried out on a Shimadzu UV 3101 PC scanning spectrometer using pure toluene as 
reference. In each measurement, 2 drops of Au nanoparticles suspension from Section 
4.2.2 were added into a quarz sample cell (length of path l = 10 mm) which were 
prefilled with 3 mL pure toluene, followed by the spectrum measurement immediately. 
Elemental anaylsis: The elemental analysis of Au nanoparticles was estimated by using 
Perkin-Elmer 2400 CHNS analyzer. The samples for this measurement were simply 
prepared by drying the as-prepared Au nanoparticle suspension (Section 4.2.1) under 
ambient condition without washing. About 0.9-1.1 mg of each tested sample were added 
into a tin cup. After folding all the cups, the samples were put into a sample tray and 
analyzed one by one. 
XPS measurement: An X-ray photoelectron spectroscopy (XPS) investigation was 
conducted in an AXIS-HSi spectrometer (Kratos Analytical) using a monochromatic Al 
Kα X-ray source (1486.6 eV).  The Au nanoparticles dried at ambient temperature (the 
same as those used in CHNS analysis) were mounted onto a double-sided adhesive tape 
on the sample stub.  The XPS spectra of the studied elements were measured with the 
constant analyzer pass energy of 40.0 eV.  All binding energies (BEs) were referred to 
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4.3 Results and Discussion 
4.3.1 Formation of Discrete Nanospheres 
The pristine Au nanoparticles synthesized in this work is about 2.4±0.8 nm. The SAED 
study indicates that the crystallographic structure of these Au nanoparticles is a face-
centered cubic (fcc) phase (Figure 4.1) (Zhang et al., 2006). As surfaces of the Au 
nanoparticles are capped predominantly with TOAB, instead of DDT, the interaction 
among the nanoparticles turns out to be much stronger. Interestingly, spherical assembly 




Figure 4.1 SAED pattern and TEM image for the as-prepared Au nanoparticles. 
 
Figure 4.2 presents two basic types of spherical aggregates of Au nanoparticles. The first 
type, with dark image contrasts, is the most common one (Figure 4.2a-d). Although the 
solid spheres (Figure 4.2b) are predominant, sphere-organizations with some lighter 
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areas (Figure 4.2c,d) are also observed. These observations indicate that the Au 
nanoparticles are well connected in their spherical aggregates, though solvent inclusions 
(i.e., lighter areas in the images) can be present. The second type, as shown in Figure 
4.2e-h, has a few flowerlike structures. The lighter image contrasts in the circumference 
reveal the thinner potions of the nanoparticle aggregates, whereas the darker image 
contrasts indicate the solid core-like structures, corresponding to a thicker center of the 
Au nanoparticle assemblies. Compared to the type I, the type II spheres have larger 
spreading edges but smaller central cores. The variation in image contrast has also been 
observed for the type II spheres (Figure 4.2g, h). Similar to those observed in the type I 
assemblies, the lighter areas can be attributed to the solvent inclusion, noting that the 





















Figure 4.2 Spherical organizations (TEM images) of Au nanoparticles prepared with Au/TOAB 
= 0.5 or 1, Au/DDT = 10 or 30.  Two main types of aggregations: (a−d) solid spheres, and (e−h) 
flowerlike spheres. 
In order to have a better understanding on the observed self-assembly, side-views of the 
Au organizations have also been examined with the TEM method. Figure 4.3 shows 
some side views of the Au nanoparticle aggregates. In general, the height is about half of 
the diameter of an Au spherical assembly. This observation indicates the soft nature of 
the original spheres. Upon the drying, the soft aggregates tended to spread out as a result 
of sphere-substrate interaction and solidification when the solvent evaporates. Most of 
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uneven appearances can also be detected (e.g., Figure 4.3b). It is understandable that the 
thinner parts would be shown as lighter image contrasts when observed under a normal 
incident electron beam in the TEM measurement (e.g., Figure 4.2). On the basis of these 
observations, the uneven potions of the Au aggregates can be ascribed to the release of 
the included solvents upon drying, as discussed in Figure 4.2. The side view of the type 
II aggregates is shown in Figure 4.3c. Indeed, the Gaussian-type outline corresponds very 






Figure 4.3 Side views (TEM images) of spherical aggregates of Au nanoparticles prepared with 
Au/TOAB = 0.5 and Au/DDT = 10.  (a and b) solid spheres, and (c) flowerlike sphere, noting 
that its base is spread out. 
 
 
It should be mentioned that the interaction between the Au spherical aggregates and 
TEM carbon grids is largely hydrophobic. To test this point further, the substrate effect 
using mica crystals which has a higher hydrophobicity (Maye et al., 2005) has been 
investigated. Figure 4.4 displays some representative AFM topographies of the discrete 
Au spheres. In contrast to those observed in Figure 4.3, the height of Au nanoparticles 
100 nm 200 nm
a) b) c)
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aggregates on mica surface is much shorter. In most Au spheres measured with AFM 
method, the height is only at 10-20 nm (Figure 4.4c, e), which is about one tenth of those 










Figure 4.4 AFM characterization of spherical aggregates of Au nanoparticles on mica surface 
(Au nanoparticles were prepared with Au/TOAB = 0.5 and Au/DDT = 10).  (a, b and d) top view 
images, (c) a 3D view of (b), and (e) a height analysis for the line indicated in (d). 
Quite unexpectedly, more hydrophobic mica does not enhance the Au sphere formation 
(these spheres are supposed to be hydrophobic). Therefore, it seems that the surface 
charge of mica may play an important role in the interaction of the Au spheres and the 
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cations with ionic species of the substrate may release the adsorbed TOAB from the Au 
nanoparticles, and thus affect the interconnectivity of the surfactants for the sphere shape 
formation. 
4.3.2 1D and 2D Assemblies of Nanoparticles  
Apart from the discrete spherical Au assemblies reported above, it is also found that the 
spheres can also align into straight lines (Figure 4.5a, b), smooth curves (Figure 4.5c), or 
even abrupt turns with a sharp angle (Figure 4.5d-f) under the same synthesis conditions. 
It is noted that the Au spheres in these 1D assemblies are intimately connected, which 
indicates that the interactions among the adjacent spheres are relatively strong during 
their formation on the TEM sample grids. 
When their population is higher, as shown in Figure 4.6, the sphere assemblies can be 
arranged into hexagonal arrays (Figure 4.6a-h). Other less common arrangement such as 
square type packing has also been found (Figure 4.6i). It should be recognized that there 
are two tiers of organization involve in all these assemblies: (i) Au nanoparticles self-
assemble into spherical structures; and (ii) the resultant Au spheres then connect one 
another into either 1D or 2D arrangement. TEM images presented in Figure 4.5 and 4.6 
indicate that the inter-sphere spaces are filled with the Au nanoparticles. In this 
connection, in particular, one of important questions for the organized Au nanoparticles 
is whether the individual Au nanoparticles still maintain long-range orders upon the 
structural formations or they are just randomly aggregated. 
 














Figure 4.5 Linear assemblies of spherical aggregates of Au nanoparticles prepared with 




















Figure 4.6 Two-dimensional organizations of spherical aggregates of Au nanoparticles prepared 
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It should also be mentioned that the shielding effect of TOAB on the Au nanoparticles is 
not perfect, and particle growth is still observed for the TOAB-protected Au 
nanoparticles in the as-prepared Au suspensions. Due to lack of DDT, furthermore, the 
growth of dried TOAB-capped Au samples at room temperature has also been observed 
when their storage time in solid state is too long (Fink et al., 1998). When their particle 
size is enlarged after the aging, a long-range order up to a few micrometers can be 
attained in these 2D sphere arrays. As shown in Figure 4.7, the nanoparticles (their 
average diameters at 4.2±1.0 nm) from different spherical assemblies are actually 
merged together, leaving only some void spaces. The Au nanoparticles in this large 
integrated superlattice are well ordered, showing a long-range lattice periodicity despite 
presence of defects. It appears that the Au nanoparticles adopt an fcc structure (ABC-
ABC-ABC stacking) in the superlattice construction, with {111} planes serving as its 
topmost crystal surface (viewed along c-axis, Figure 4.7a). The hexagonal surface is also 
revealed with TEM images reported in Figure 4.7b,c, where the hexagonal symmetry can 
be clearly seen. Furthermore, similar to those reported in literature, ring and line 
structures can be observed in the layer stacks of the edge part (which is thinner) of the 


























Figure 4.7 Long-range orders observed in highly integrated two dimesional organizations of 
spherical aggregates of Au nanoparticles (prepared with Au/TOAB = 0.5 and Au/DDT = 10): (a) 
FESEM image, and (b and c) TEM images.  The white arrows in (a) indicate inter-sphere spaces 
remained among the merging spherical aggregates of Au nanoparticles. The sample histories: 1 
month in the pristine suspension and 19 days (a) and 23 days (b and c) in dried state. 
50 nm 50 nm 
a) 
b) c) 
Chapter 4 Mesoscale Spherical and Planar Organizations of Gold Nanoparticles 
105 
One important point should be mentioned is that the observations made in Figures 4.1, 
4.5 and 4.6 in fact represent as a structural transformation from the spherical geometry 
(0D) to a linear array (1D), and to a planar assembly (2D) of Au spheres, that is, 0DÆ  
1DÆ 2D. The increased hierarchy in this organization depends on the increased 
interactions among the neighboring Au spheres in the drying process. Several interactive 
forces should be recognized. For example, the van der Waals interaction among the 
surface organic species capped on the Au nanoparticles leads to the formation of Au 
spheres. The formation of discrete Au spheres (0D), on the other hand, depends on the 
solvation of toluene liquid. When the sphere density is higher, 1D and 2D arrays of the 
spheres can be formed accordingly, due to the increasing influence of neighboring 
spheres. Again, van der Waals interaction arising from the surfactants of different Au 
spheres is the main cause for this linear or planar integration, which give virtually no 
boundary among the Au spheres, as observed in Figure 4.7a. It is believed that the 
crystallization of Au nanoparticles in this supperlattice takes place only upon the drying, 
which will be further addressed below. 
4.3.3 Planarization of Nanospheres  
In order to understand the adhesive interactions among the surfactant-anchored Au 
nanoparticles, various surfactants have also been added to the as-prepared Au 
nanoparticle suspension (Section 4.2.2). It is found that the spherical organizations 
obtained in Figures 4.2 to 4.6 can be transformed into planar arrays of Au nanoparticles 
with some common surfactants added. The surfactants tested for this purpose included 
DDT, 1, 9-nonanedithiol, MPA, oleic acid, and CTAB, and all of them show a certain 
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capacity to retard the spherical assembly of the Au nanoparticles (Figure 4.8).  In view of 
different functional headgroups and hydrocarbon chains in these surfactants, compared to 
those of TOAB, the retardation can be attributed to disruption of structural coherence of 
TOAB which is responsible for holding the Au nanoparticles together.  For example, 
thiols have a strong tendency to be bound to gold (Fink et al., 1998; Hu et al., 2004), and 
the added DDT can partially replace existing surface TOAB and weaken the van der 
Waals force generated by the hydrocarbon headgroups of TOAB.  Similarly, the 
surfactant length irregularity can also be created by introducing CTAB, which has a 
longer hydrocarbon chain than TOAB. On the other hand, carboxyl headgroups have a 
less tendency to be associated with gold, but they can also alter the population or 
structural regularity of the existing TOAB shell via electrostatic interaction among the 
charged functional groups of the two surfactants.  Furthermore, we have also found that 
polar molecules such as water can also interrupt the van der Waals interaction of TOAB 
under sonication condition, although the sonication alone does not cause planarization of 











   
   
   
 
 
Figure 4.8 TEM images:  The surfactants tested in this work for planarization of nanospheres 
included 1,9-nonanedithiol (a-b), MPA (c), oleic acid (d), and CTAB (e).  We also tested the 
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As an example for the above study, Figures 4.9 shows a sequential structural change of 
Au nanoparticle assemblies upon the introduction of DDT to an as-prepared Au 
suspension (see Section 4.2.2). The process is indicated as a function of Au to DDT 
molar ratio (Au/DDT), starting from the same suspension used in Figure 4.3 to 4.7, i.e., 
Au/DDT =10. As investigated in this work, the formed Au spheres remain essentially 
intact and retain their basic arrays over the range of Au/DDT =30 down to 5 (also see 
Figure 4.10). When the Au/DDT ratio is below 5.0, the planarization starts and the Au 
spheres are no longer present. At Au/DDT = 3.3, for instance, inter-linked islands of Au 
aggregates with wavy shapes are produced whilst the gaps among them are scattered with 
individual Au nanoparticles. At Au/DDT = 2.0, the size and thickness of the island-like 
aggregates are significantly reduced. And finally, double- or single-layered superlattices 
of Au nanoparticles can be attained when the Au/DDT ratio is 1.0 or below. Note that the 
layered arrays of Au nanoparticles (average diameter at 2.4±0.8 nm) become less 
hexagonal, compared to those of Figure 4.7; it is thus seen that both the surfactant and 
the Au particle size play paramount roles in these overall organizations. 
The above structural evolution indeed reveals that the interconnectivity among the Au 
nanoparticles is reduced when the surface TOAB is gradually replaced with DDT (This 
will be confirmed with the XPS investigation in the next subsection). The mediation 
function of DDT surfactant, however, is not as effective as TOAB in organizing Au 






















Figure 4.9 Evolution of spherical organization to planar organization of Au nanoparticles by 
additing DDT surfactant to an as-prepared Au suspension (see Experimental Section).  The 
number in the images indicates the nominal value of Au/DDT ratio in this transformation process 










     
    
    
    
Figure 4.10 TEM images:  Spherical organizations of Au nanoparticles prepared with Au/TOAB 
= 0.5, Au/DDT = 30 (a-b); Au/TOAB = 0.33, Au/DDT = 10 (c-d); Au/TOAB = 1, Au/DDT = 10 
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To further understand the aggregative state of Au nanoparticles, UV-Vis spectra for the 
suspensions were also acquired. As reported in Figure 4.11, the absorption of surface 
plasma resonance is located at ca 525 nm for all the diluted suspensions. In view of the 
observed constant adsorption wavelength, it is thus demonstrated that there is no 
appreciable change in aggregative state of Au nanoparticles upon the replacement of 
TOAB with DDT. In other words, the large aggregates of Au nanoparticles are unlikely 
formed inside these diluted suspensions, but formed primarily during the drying process 
applied in the sample preparations. This conclusion is also in good agreement with the 
TEM/AFM/FESEM investigations for the substrate dependent experiments reported in 









Figure 4.11 UV-Vis spectra measured for the Au suspensions used in Figure 4.9 (see 
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4.3.4 Surface Chemistry and Organizing Mechanisms  
The XPS spectra for two representative samples at different Au/DDT ratios are displayed 
in Figure 4.12. The main peak of C 1s at 284.6 eV can be assigned to hydrocarbon chains 
of the surfactants (i.e., TOAB and DDT) and the smaller peak at a higher BE of 285.9 eV 
is assigned to C-OH and/or C-O-C species which was resulted from a small degree of 
surface oxidation of the hydrocarbon chains (Xu et al., 2004; Huang et al., 2001; 
Moulder et al., 1992). The O 1s spectrum also reveals the similar findings. The O 1s 
peaks at 531.5-531.7 eV can be assigned to surface-adsorbed carbonate anions from 
ambience (O-C=O) and/or N-C=O species (Xu et al., 2004; Huang et al., 2001; Moulder 
et al., 1992). Interestingly, this peak is much higher in the sample prepared at 
Au/DDT=10, compared to that at Au/DDT=0.33. The O 1s peaks at 529.9-530.5 eV are 
assigned to oxygen species associated with gold surface (Rubin et al., 1991). In 
agreement with the CHNS analysis of Table 4.1, the Br 3d (3d5/2 and 3d3/2 at 66.9-67.1 
and 67.9-68.0 eV) spectrum in the sample with Au/DDT =10 is much stronger and better 
resolved (Moulder et al., 1992), while the S 2p (2p3/2 and 2p1/2 at 161.5 and 163.6 eV) is 
much weaker in the same sample (Lukkari et al., 1999; Gonella et al., 2004; Jiang et al., 
1997), consistent with the low content of DDT surfactant in this sample. The BEs of Au 
4f (4f7/2 and 4f5/2) photoelectrons at 82.8-82.9 and 86.5 eV show the presence of 
surfactant-capped metallic gold component (Zhang et al., 1997; Chang et al., 2005; 
Schumacher et al., 2003; Zwijnenburg et al., 2002), while the BEs of Au 4f at 83.6-83.8 
and 87.3 eV indicate a charge transfer from the gold to the surfactants (Zhang et al., 1997; 
Chang et al., 2005; Schumacher et al., 2003; Zwijnenburg et al., 2002). Apparently, the 
degree of this charge transfer is much severer in the sample with the low-content of DDT. 
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Table 4.2 tabulates the concentration analysis of the XPS investigation. It is noted that 
the atomic ratio of C/Au is much higher in the sample prepared with less DDT; it is thus 
revealed that the Au nanoparticles are better shelled with TOAB than with DDT 
surfactant. 
 
Table 4.1  Elemental analysis of the dried Au nanoparticles (Au/TOAB = 0.5). 
 
   Au/DDT C%  H%  N%  S% 
   20.0  60.58  13.64  2.44  1.81 
10.0  61.43  12.70  2.39  2.42 
0.33  62.49  12.99  1.76  4.15 
 
Notes: (i) No washing was performed.  (ii) The samples were actually kept with all surfactants 
used in the synthesis, while the solvent was removed during the drying. 
 
 
Table 4.2   Summary of XPS surface analysis (atomic ratios) for the dried Au nanoparticles 
(Au/TOAB = 0.5). 
 
   Au/DDT C/Au  O(1)/Au  O(2)/Au  S/Au  Br/Au 
   10.0  80.1  0.4  0.2  0.1  1.1 
0.33  25.0  1.4  0.2  0.5  0.1 
Notes: (i) No washing was performed.  (ii) The samples were actually kept with all surfactants 
used in the synthesis, while the solvent was removed during the drying. (iii) Atomic 
concentration of O(1) is based on the areas of O 1s peaks at 529.9-530.5 eV, and the O(2) on the 
areas of O 1s peaks at 531.5-531.7 eV.  Atomic concentrations of all other elements are based on 
their total peak areas (Figure 9).  The peak fitting and conversion of peak area to atomic 
concentration were carried out by XPSPEAK program with modification of respective atomic 
sensitivity factors. 
 

















Figure 4.12   X-ray photoelectron spectra for samples prepared with (a−e) Au/TOAB = 0.5 and 
Au/DDT = 0.33, and (f−j) Au/TOAB = 0.5 and Au/DDT = 10.  
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The above complementary CHNS/XPS analysis allows us to draw a few conclusions 
regarding the mechanisms of sphere formation and planarization of Au nanoparticles. In 
the two samples of Figure 4.12, the molar ratio of TOAB:DDT was set at 2:3 and 2:0.1 
respectively, while the amount of TOAB in their Au nanoparticle suspensions was kept 
constant. It has been found in the above XPS analysis that the TOAB causes a 
pronounced charge transfer from the gold to the surfactant capping (Auδ+, Au 4f, 83.6-
83.8 and 87.3 eV). It is thus deduced that Br - anions must be adsorbed on the Au surface 
in order to facilitate such an electron transfer, noting that the positive ammonium ions 
[CH3(CH2)7]4N+ should also be in close proximity to the negative Br -. In addition to the 
charge transfer, furthermore, alkyl chains of quaternary ammonium will generate a more 
efficient van der Waals coupling among the Au nanoparticles, compared to the single-
chained DDT. According to the above adsorption model and the higher C/Au ratio found, 
the intricate bulky [CH3(CH2)7]4N+ seems to be more able to produce a symmetric Au-
surfactant core-shell building units. Thus mesoscale spherical aggregates and ordered 
arrangements of Au nanoparticles can be attained more easily with the TOAB surfactant, 
as evidenced in Figures 4.2 to 4.7. Consistent with the observations made in Section 3.3, 
however, any perturbation or interruption of this TOAB-shell could cause a reduction in 
symmetry of the primary core-shell building units, leading to the formation of less 
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4.4 Conclusions 
In summary, a systematic investigation on the roles of common surfactants used in the 
two-phase synthetic protocol of Au nanoparticles has been carried out. With the 
preparative parameters adopted in this work, the Au nanoparticles covered with TOAB or 
TOAB-DDT can self-assemble into spherical aggregative forms such as discrete, linear, 
and two-dimensional arrays, without assistance of other structural linkers. Unlike other 
reported work in literature, the TOAB-capped Au nanoparticles can still be grown into 
larger ones in both as-prepared suspensions and dried state. It has been further found that 
these aged Au nanoparticles in different interconnected spherical aggregates are highly 
ordered in their mesoscale supercrystals. By using different substrates, it is found that the 
formation of Au nanoparticle spheres and their hierarchical self-assembly, as well as the 
crystallization of Au nanoparticles in the superlattice, take place largely during the 
drying process. By adding different surfactants to the TOAB-anchored Au nanoparticles, 
we have elucidated that the observed mesoscale spherical assemblies can be gradually 
dismissed, converting into planar organizations of Au nanoparticles. On the basis of 
CHNS/XPS investigation, it has been revealed that the Au nanoparticles are better 
shelled with TOAB than with DDT surfactant. Considering the intricate molecular 
structure of TOAB, more effective van der Waals interaction is expected, compared to 
DDT. Furthermore, more complete (symmetric) organic shells generated by TOAB may 
also facilitate the interparticulate interaction and thus ensure long-range assembling 
ordering among the organic-metal building units. 
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CHAPTER 5 
GOLD SPONGES PREPARED via HYDROTHERMALLY 




Sponge-like noble metal materials represent a new class of important functional materials 
in many technological applications, ranging from heterogeneous catalysis, 
ultracapacitance, heat dissipation, and filtration etc., to sensor technology (Erlebacher et 
al., 2001; Cortie et al., 2005; Biener et al., 2005; Walsh et al., 2003; Jin et al., Zhang et 
al., 2005; Gao et al., 2005; Sisk et al., 2006; Wang et al., 2004 and 2006). In recent years, 
this class of porous metals has aroused much attention, and a number of synthetic 
methodologies have been developed. For example, dealloying process involves the 
selective dissolution of one or more components from a metallic solid solution such as 
Cu/Au and Ag/Au alloys (Erlebacher et al., 2001; Cortie et al., 2005; Biener et al., 2005). 
On the other hand, soft organic templates (e.g., surfactants and polymers) (Walsh et al., 
2003; Jin et al., Zhang et al., 2005; Gao et al., 2005) and hard inorganic templates (e.g., 
anodic alumina membranes, sol-gel, and porous silica) (Sisk et al., 2006; Wang et al., 
2004 and 2006) have also been widely used in the fabrication of porous noble metals, 
since these sacrificial templates can be facilely removed after synthesis either by 
dissolution or by thermal decomposition. Strictly speaking, however, all the known 
methods somewhat rely on certain internal or external structural guidance, despite 
different processes. To explore new synthesis possibilities, template-free self-assembly 
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approach is a highly desirable alternative, as it avoids hassle of template removal and 
promises a precise construction starting from premade building blocks. Herein a 
“bottom-up” approach for synthesis of gold sponges will be presented. With this 
template-free method, for the first time, three-dimensional (3D) self-assembly of 
surfactant-capped gold nanoparticles (AuNPs) can be carried out under hydrothermal 
conditions without additional structural guidance. The present method produces a variety 
of Au sponges in which nanowire networks can be tuned uniformly in a diameter range 
of 15 to 150 nm, and a much finer sponge network has been achieved with this self-
assembly method, compared to the literature data which is mostly in micrometer regime 
(Cortie et al., 2005; Biener et al., 2005; Walsh et al., 2003; Jin et al., Zhang et al., 2005; 
Gao et al., 2005). 
5.2 Experimental Section 
5.2.1 Preparation of Gold Sponges 
The preparation of starting Au nanoparticles was carried out according to Brust’s two-
phase protocol with some minor modifications (Zhang et al., 2006; Brust et al., 1994). In 
hydrothermal treatments, three methods had been developed in this work. (i) The as-
synthesized Au nanoparticle solution (2 mL) was first added to a Teflon-lined autoclave, 
followed by adding 20 mL of toluene; the mixture was kept at 180 oC for 3-9 h in an 
electric oven. (ii) The as-synthesized Au nanoparticle solution (0.2-4 mL) was first added 
to a Teflon-lined autoclave, then 0.2-10 mL of alcohol (methanol, ethanol, 1-propanol, 2-
propanol, 2-methyl-2-propanol, 1-pentanol, and cyclohexanol) and 20-30 mL of toluene 
were added; the mixture was heated at 180 oC for 3-4 h in an electric oven. (iii) The 
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alcohol-washed Au nanoparticle solution (0.2-10 mL) was first added to a Teflon-lined 
autoclave, then 20-30 mL of toluene was added; the mixture was kept at 140-220 oC for 
1-13 h in the electric oven. After completing the above hydrothermal treatments, 
normally a black precipitate (gold sponge) was formed on the bottom of the Teflon 
reactor. Sometimes the precipitate showed ferruginous color due to bigger size of gold 
sponge. The solid product obtained was centrifuged and added into 3 mL toluene for 
further investigation. 
 
5.2.2 Materials Characterization 
The crystallographic information on the product samples was established by powder X-
ray diffraction (XRD, Shimadzu XRD-6000, Cu αK radiation). The crystal 
morphological and compositional information were acquired with field-emission electron 
microscopy equipped with energy dispersive X-ray spectroscopy (FESEM/EDX, JSM-
6700F), transmission electron microscopy and selected-area electron diffraction 
(TEM/SAED, JEM-2010), and high-resolution TEM (HRTEM/EDX, JEM-2010F). 
Surface analysis was performed with X-ray photoelectron spectroscopy (XPS, AXIS-HSi, 
Kratos Analytical), and Raman spectra were reported on a FT-Raman spectrometer 
(Bruker, FRA 106/S) using a laser beam with an excitation wavelength of 1064 nm and a 
resolution of 6 cm-1. 
5.3 Results and Discussion 
The as-synthesized AuNPs in this work are well protected with surfactants 1-
dodecanethiol (DDT) and tetraoctylammonium bromide (TOAB) that are used in the 
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synthesis (Zhang et al., 2006; Brust et al., 1994), and it is understandable that these 
surfactants must be partially removed if a crystal growth or coupling is engaged. The 
color inset of Figure 5.1 gives a schematic illustration of formation process of gold 
sponges in this work. Starting from the as-synthesized AuNPs (Step 1), the surfactants 
are gradually removed to a critical point that the rapid growth becomes pronounced (Step 
2), followed by a 3D networking (Step 3). In parts a-d of Figure 5.1, an evolution of this 
process is demonstrated. As can be seen, in the first 150 min, the mean diameter of 
AuNPs only increases from 2.3±0.3 nm to 2.9±0.6 nm under the studied conditions 
(parts e and f of Figure 5.1). The growth process up to this stage can be attributed to 
Ostwald ripening mechanism (i.e., large crystallites are grown at the expense of smaller 
ones); note that variation in size indeed becomes wider (Figure 5.1f). Significant 
threading and netting of AuNPs starts after this induction period, and the average 
diameter of the formed Au nanowires has been increased sharply to 16.6±1.4 nm in the 
next 10 min (parts c and d of Figure 5.1). Apparently, the complex network was not 
formed from a continuous particulate growth, but has been constructed rapidly from an 
aggregative assembly of the existing AuNPs; note that the dark spots in the TEM image 
are the Au nanowires viewed along to their axial directions (or their approximates; also 
the same in Figure 5.2c). It is believed that the induction period corresponds to a partial 
removal of the surfactants DT and TOAB (which will be discussed in the XPS results 
shortly). The required period was found to be longer for hydrothermal treatments at a 
lower temperature whereas it can be shortened when the temperature was increased. 
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To facilitate the removal of surfactants DT and TOAB from AuNPs, several alcoholic 
solvents (methanol, ethanol, 1-propanol, 2-propanol, 2-methyl-2-propanol, 1-pentanol, 
and cyclohexanol etc) were tested. The alcohols are used simply as a washing agent to 
remove some of the surfactants from the gold surface prior to the hydrothermal treatment. 
They can also be added directly to the AuNPs precursor, followed by the same 
hydrothermal treatment. Indeed, the surfactant removal with the alcohols has been 
proved to be efficient (Zhang et al., 2006), and the network morphology and diameter of 
Au nanowires in the sponge can now be controlled precisely by varying both surface 
population of surfactants and hydrothermal process conditions (time 1-13 h and 
temperature 140-220 oC; we found 180 oC is an optimal temperature under the current 
experimental setting). It is interesting to note that different combination of these 
synthetic parameters will give different product morphologies for the Au sponges. 
Washing with 2-propanol, for example, large-scale gold sponges with very uniform wire 
diameters of 63.6±6.7 nm are obtained, as shown in parts a and b of Figure 5.2. The 
intricate 3D network is elucidated with a well-dispersed sponge sample in the TEM 
image of Figure 5.2c, where the dark areas represent protruding nanowires towards the 
incident electron beam. Furthermore, shorter wire-length for the Au network structure 
has been observed when 2-propanol was added directly to the AuNPs precursor prior to 
hydrothermal treatment. Exemplified in Figures 5.1-3, using the different methods (refer 
to Experimental Section), uniform 3D networks can be facilely controlled in the wire 
diameter range of 15-150 nm in this work, which is substantially smaller than those 
reported in the literature that are mostly in micrometer regime (Cortie et al., 2005; Biener 
et al., 2005; Walsh et al., 2003; Jin et al., Zhang et al., 2005; Gao et al., 2005). By 
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changing the type and amount of alcohols added, on the other hand, pearl-necklace-like 
morphology for the gold wires has been made, as reported in Figure 5.4. The different 
effects observed herein lie in the apparent polarity and structural hindrance of alcohols in 
dispelling DDT and TOAB from the surfaces of the AuNPs.  
The as-synthesized AuNPs and their resultant sponges are all well crystallized. In Figure 
5.5a, the selected area electron diffraction (SAED) shows that the resultant sponges 
belong to the face-centered cubic (fcc) crystal structure of metallic gold (Erlebacher et al., 
2001; Cortie et al., 2005; Biener et al., 2005; Walsh et al., 2003). Because of high 
structural isotropy of as-synthesized AuNPs, it is expected that a 3D branching will take 
place as long as some naked crystal facets/planes are present during the induction period, 
as depicted in Figure 5.1 (inset, Step(2)). Well-resolved lattice fringes at d111 = 
0.24±0.01 nm and d200 = 0.21±0.01 nm indicate the structural coherent regions of a 
crystallite grain are much greater than the size of the pristine AuNPs, which suggests an 
oriented attachment mechanism for the crystallite growth (Yang et al., 2004). However, 
the connection among the crystallites is random, since abundant junctions have been 
observed in the nanowire networks, as revealed in parts b-d of Figure 5.5. Because of the 
presence of these junctions, branching and thus formation of 3D network can be 
anticipated. In this regard, the naowires in the gold sponges work as a basic skeletal 
support for the 3D network, whilst the junctions help to interconnect all the Au 
nanowires to form a complete and robust entity. It should be mentioned that the resultant 
sponge structures are stable under ambient conditions for at least 3 months hitherto, and 
almost kept unaltered even after vigorous sonication. The conversion of the as-
synthesized AuNPs to Au sponges is high, which is indicated by a colorless solution 
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phase (i.e. no freestanding AuNPs) after hydrothermal treatment. Therefore, the present 
new approach promises a large scale production of Au Sponges (refer to FESEM images 
of Figure 5.2 and 5.3) via self-organization. 
 
The XPS spectra for three representative samples are displayed in Figure 5.6. The main 
peak of C 1s at 284.6 eV can be assigned to hydrocarbon chains of the surfactants (Xu et 
al., 2004; Huang et al., 2001; Moulder et al., 1992), and the smaller peak at a higher BE 
of 285.8-286.4 eV to C-O-C species, which was resulted from a small degree of 
oxidation of the surfactant chaines (Xu et al., 2004; Huang et al., 2001; Moulder et al., 
1992). The main peak of O 1s at 531.5-531.9 eV can be assigned to surface-adsorbed 
carbonate anions from ambience and the peak component at 533.2-533.3 eV is assigned 
to the sulfate ions (Wei et al., 2003). Interestingly, there is a small peak of O 1s at 530.0 
eV in the as-synthesized AuNPs (Aita et al., 1991), which will be addressed shortly. The 
Br 3d (3d5/2 and 3d3/2) signals in the as-synthesized and alcohol-washed AuNPs become 
essentially zero in the Au sponge samples, as recorded in Figure 5.7 (Moulder et al., 
1992), indicating that the TOAB is no longer present on the Au surfaces. The S 2p3/2 and 
2p1/2 peaks show the typical values for the adsorbed thiols (thiolate) on Au at 161.8 and 
163.0 eV (Figure 5.6) (Lukkari et al., 1999; Gonella et al., 2004; Jiang et al., 1997). After 
hydrothermal treatment, two new components at 168.4 and 169.6 eV (sulfate ions) were 
found, while the peaks for the thiolate are significantly reduced (Figure 5.6) (Wei et al., 
2003). It is thus known that a certain portion of surface DDT was oxidized to sulfate ions 
over the hydrothermal process, in which the oxygen source came from an air phase above 
the solution. The Au 4f7/2 and 4f5/2 photoelectrons have BEs of alkanethiol-capped Au0 at 
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83.4-84.0 and 87.1-87.7 eV (Zhang et al., 1997; Chang et al., 2005; Schumacher et al., 
2003; Zwijnenburg et al., 2002; Li et al., 2005), while the tiny components at 84.4-84.8 
and 87.8-88.3 eV indicate a small degree of charge transfer from the gold (i.e., Auδ+) to 
the thiol ends (Zhang et al., 1997; Chang et al., 2005; Schumacher et al., 2003; 
Zwijnenburg et al., 2002; Li et al., 2005). It is noted that the positively charged 
component in the as-synthesized AuNPs is even larger due to plenty of surface DDT. 
Because of this positive component, Au-O surface species is also detected in this sample 
(O 1s, BE = 530.0 eV, Figure 5.6) (Aita et al., 1991). 
 
On the basis of the above XPS analysis, overall activation of DDT-capped AuNPs can 
now be understood. It is clear that hydrothermal process is an essential condition to 
activate surface reactivity of AuNPs and thus to initiate 3D networking, though alcohol 
washing (both pre-washing and hydrothermal washing) may also facilitate this process. 
On the other hand, chemical conversion of DDT to sulfate salt under the same 
hydrothermal condition can also reduce total amount of DDT in the synthetic system, 
which is equivalent to the partial removal of DDT surfactant. Since it is still adsorbed on 
the Au sponges after particle aggregation, the DDT also serves as a protecting reagent for 
the product. Therefore, the key to the formation of sponges lies on the manipulation of 
alkanethiol content in the synthesis. As a further confirmation, normal reflux experiments 
under an ambient pressure using the similar AuNPs precursor solution (together with 
toluene and alcohols) have been carried out. As expected, neither particulate growth nor 
attachment among the AuNPs can be observed despite prolonged reactions. 




Figure 5.1 TEM images of the evolution of AuNPs: (a) as-synthesized AuNPs; (b) AuNPs of (a) 
after a hydrothermal treatment at 180 oC for 150 min.(c and d) AuNPs of (a) after a hydrothermal 
treatment at 180 oC for 160 min; (e) particle size histogram of (a); and (f) particle size histogram 
of (b). Color inset demonstrates this hydrothermally activated self-assembly process: (1) 
surfactant capped AuNPs, (2) partial removal of surfactants and initial stage of particle growth 
and coupling, and (3) large scale aggreagation after the induction period. 




Figure 5.2 Uniform Au sponge assembled with 2-propanol-washed AuNPs at different 
magnification: (a) a panoramic view (FESEM image), (b) a more detailed view (FESEM image), 
and (c) 3D networks of Au nanowires in the sponge (TEM image, darker areas belong to 
interconnected Au nanowires extruding outward due to longer penetrating paths for the incident 
electron beam). 




Figure 5.3 Representative Au sponges (FESEM images) assembled with AuNPs under different 
synthetic conditions: (a and b) 26 mL of toluene + 4 mL of ethanol-washed AuNPs at 180 oC for 
4h, (c and d) 28 mL of toluene + 2 mL of as-synthesized AuNPs + 0.5 mL of 2-propanol at 180 
oC for 4 h, and (e and f) 28 mL of toluene + 2 mL of as-synthesized AuNPs at 180 oC for 9h. 
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Figure 5.4 Au sponges formed from pearl-necklace-like Au nanoparticle aggregates (TEM 
images): (a) 28 mL of toluene + 2 mL of as-synthesized AuNPs + 2 mL ethanol at 180 oC for 4 h; 
(b) 28 mL of toluene + 2 mL of as-synthesized AuNPs + 0.5 mL methanol at 180 oC for 4 h. 
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Figure 5.5 A representative SAED pattern for Au sponges (a); HRTEM images for individual Au 
nanowires in Au networks (b-d); lattice fringes are indicated with respective d-spacing symbols 
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Figure 5.6 Representative XPS spectra for the as-synthesized AuNPs (a-d), ethanol-washed 
AuNPs (e-h), and Au sponges (i-l) formed after a hydrothermal treatment at 180 oC for 9 h using 
the as-synthesized AuNPs as a starting precursor. 
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Figure 5.7 Representative XPS spectra of Br 3d: (a) the as-synthesized AuNPs, (b) the ethanol-
washed AuNPs, and (c) Au sponges formed after a hydrothermal treatment at 180 oC for 9 h 
using the as-synthesized AuNPs as a starting precursor. 
 
 
Chapter 5 Gold Sponges Prepared via Hydrothermally Activated Self-Assembly of Au Nanoparticles 
137 
The surface enhanced Raman spectroscopic (SERS) investigation with 4-
mercaptobenzoic acid (4- MBA) shows that these sponges can be used as excellent 
substrate materials for SERS applications. In particular, as displayed in Figure 5.8, a 
second ring breathing mode at 1584 cm-1 can now be observed in addition to its low 
wave-number counterpart at 1076cm-1, noting that this peak (1584 cm-1) was not 
observable in a reported SERS spectrum of 4-MBA using Au sponges with larger wire 
diameters(Gao et al., 2005). The improvement in surface enhancement effect in the 
samples can be attributed to more inter-junctures among the nanowires that form the 
sponges. As evidenced in Figure 5.8, the presence of these junctures and the reduction in 
wire diameter may be together responsible for the observed 1584 cm-1 peak, although a 
more quantitative study on the enhancement mechanism will be needed in the future. 
 
 
Figure 5.8 Representative SERS spectra of 4-MBA: (a) 10 μL of 2.2 × 10-4 M 4-MBA (in 
ethanol) was added to a dried Au sponge sample on a stainless steel sample holder; (b) 10 μL of 




Chapter 5 Gold Sponges Prepared via Hydrothermally Activated Self-Assembly of Au Nanoparticles 
138 
5.4 Conclusions 
In summary, for the first time a self-assembly approach for generation of nanostructured 
Au sponges with as-synthesized AuNPs as starting building blocks has been developed. 
It is found that the hydrothermal condition is essential to detach DT and TOAB 
surfactants and thus trigger the self-assembly of AuNPs. The resultant Au sponges were 
comprised of finely branched nanowires whose diameters are selected in the range of 15-
150 nm. The sponge morphology was further controlled by manipulating surfactant 
population, concentration of metallic nanoparticles, amount and type of alcohol solvent, 
process temperature and time etc. In principle, this template-free approach can also be 
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CHAPTER 6 
ULTRAFINE GOLD NETWORKS WITH NANOMETER 
SCALE LIGAMENTS 
6.1 Introduction 
Low-density product forms of transition and noble metals and their derived alloys have 
received increasing attention in recent years, owing to their wide applicaction in 
heterogeneous catalysis, ultracapacitance, heat dissipation, biofiltration, biosensor 
technology, thermal and sound insulation (Walsh et al., 2003; Erlbacher et al., 2001; 
Ding et al., 2004; Gao et al., 2005). In this connection, a number of preparative methods 
have been developed. For example, these materials are often prepared by thermal 
reduction of metal-ion-impregnated porous insoluble supports (such as alumina and 
pumice), which have typically higher surface areas than that of pure metal powders or 
foils prepared electrolytically or by infiltration and thermal decomposition of insoluble 
cellulose supports (Walsh et al., 2003; Erlbacher et al., 2001; Ding et al., 2004; Gao et al., 
2005). On the other hand, selectively dealloying is a common corrosion process which 
results in the formation of a nanoporous sponge composed almost entirely of the more 
noble alloy constituents. For example, the chemical treatment known as depletion gilding 
selectively dissolves a non-gold element near the surface of a less-expensive alloy such 
as Au-Cu, leaving behind a surface of pure gold. To the best of our knowledge, these two 
approaches rely on the preparation of precursors and the prerequisite interstitial spaces of 
soft or hard templates, which make the process complicated and restricted. Recently, Gao 
and co-workers prepared 600 nm gold sponges with a biopolymer-assisted hydrothermal 
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approach and investigated their excellent surface-enhanced Raman scattering properties. 
In their studies, HAPS (hyaluronic acid potassium salt), as an attractive template, belongs 
to a class of materials that can swell greatly in water and maintain their three-
dimensional network structure as well as dextran, starch and cellulose (Walsh et al., 2003; 
Erlbacher et al., 2001; Ding et al., 2004; Gao et al., 2005). Very recently, our research 
group also presented a facile hydrothermal approach to synthesize gold sponges (15-150 
nm) via self-assembly of gold nanoparticles instead of template-sacrifice routes. 
Although these approaches are facile, inexpensive, environmentally benign, and 
amenable to scale-up and processing compared to the previous studies (Walsh et al., 
2003; Erlbacher et al., 2001; Ding et al., 2004; Gao et al., 2005), they consumed heat 
energy to facilitate the formation of gold sponges. Otherwise, the framework architecture 
of gold sponges still can be boosted to achieve higher surface area, or even smaller width 
of interconnecting ligaments. Hence, efficient synthetic approach of gold sponges which 
demands lower energy consumption is still open to go in for. Herein, a very swift 
synthesis of gold sponges is reported, which are composed of 7.2±1.0 nm uniform gold 
filaments and have shown to be active SERS substrates for 4-mercaptobenzoic acid, in 
the presence of PVP (poly (vinyl-pyrrolidone)) as a polymeric stabilizer (Huang et al., 
2005; Chen et al., 2006; Chen et al., 2005; Selvan et al., 1998; Isabel et al., 2002; Sun et 
al., 2002; Yamamoto et al., 2005; Sun et al., 2002; Sun et al., 2002; Sohn et al., 2001; 
Gao et al., 2005). This technique is based on a traditional route, i.e. the one-step 
synthesis of gold sponges by reduction of ionic gold using sodium borohydride as the 
reducing agent in pure water or H2O/CH3CH2OH mixture at room temperature. The 
primary function of PVP is to retard the reduction so as to form the nanometric sponges 
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instead of being a reducing agent (Huang et al., 2005; Chen et al., 2006; Chen et al., 2005; 
Selvan et al., 1998; Isabel et al., 2002; Sun et al., 2002; Yamamoto et al., 2005; Sun et al., 
2002; Sun et al., 2002; Sohn et al., 2001; Gao et al., 2005). In principle, the general 
findings may be applicable to a wide range of metallic and metal oxide catalytic 
materials for use in diverse applications (Walsh et al., 2003; Erlbacher et al., 2001; Ding 
et al., 2004; Gao et al., 2005). 
 
 
6.2 Experimental Section 
6.2.1 Synthesis of Gold Sponges 
The preparative scheme involved the mixing under stirring 0.5 mL poly (vinyl-
pyrrolidone) (PVP; Aldrich, Mw = 30 000 a.m.u.) solution with 0.5 mL hydrogen 
tetrachloroaurate trihydrate (HAuCl4•3H2O) aqueous solution (0.3 M), followed by the 
addition of 1 mL sodium borohydride (NaBH4; 0.1 M). For a typical reaction mixture, 
the PVP solution was prepared by dissolving 50 mg into 100 mL ethanol or D.I. water. 
After stirring the solution with PVP and HAuCl4•3H2O for 15 min at room temperature, 
a freshly prepared aqueous solution (0.1 M, 1 mL) of sodium borohydride (NaBH4) was 
injected all at once to the vigorously stirred solution. The light yellow mixture turned 
into black color with a litter purple in the initial seconds and developed into colorless 
with black precipitates. The solid products kept stable in the mixture for another 15 min 
or longer, and then were separated with centrifugation for the further investigation. 
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6.2.2 Materials Characterization 
TEM/HRTEM/SAED measurement: Investigation with high-resolution analytical 
transmission electron microscopy (TEM and HRTEM) and selected area electron 
diffraction (SAED) were carried out on a JEM-2010F and a JEM-2010 operated at 200 
kV. The specimens for TEM/SAED were prepared by suspending solid samples in 
ethanol. The solution was first treated by sonication for one minute in an ultrasonic water 
bath. The well-dispersed suspension was then dropped (1-2 drops in each sample 
preparation) onto a carbon-coated 200-mesh copper grids, followed by drying at room 
temperature before it was placed in the sample holder of the microscopes. 
FESEM/STEM measurement: Morphological and structural investigations were carried 
out with field-emission scanning electron microscopy, scanning transmission electron 
microscopy and energy-dispersive X-Ray spectroscopy (FESEM/EDX; JSM-6700F). In a 
typical measurement, the samples was prepared by drying the samples overnight in a 
vacuum desiccator under ambient condition, followed by adhering with a small amount 
of the gold sponges onto a copper stub using double-sided carbon tape. The as-obtained 
samples were not sputtered with platinum to reducing charging effect. All the 
measurements were operated at 25 kV. 
XPS measurement: An X-ray photoelectron spectroscopy (XPS) investigation was 
conducted in an AXIS-HSi spectrometer (Kratos Analytical) using a monochromated Al 
Kα X-ray source (1486.6 eV).  The gold sponges dried at ambient temperature were 
mounted onto a double-sided adhesive tape on the sample stub.  The XPS spectra of the 
studied elements were measured with the constant analyzer pass energy of 40.0 eV.  All 
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binding energies (BEs) were referred to the C 1s peak (set at 284.6 eV) arising from 
surface hydrocarbons (or adventitious hydrocarbon). 
SERS measurement:  A surface enhanced raman spectra was recorded on a FT-Raman 
spectrometer (Bruker, FRA 106/S) using a laser beam with an excitation wavelength of 
1064 nm, 100 mW of power and a resolution of 6 cm-1. The dried gold sponges were 
filled into a stainless sample holder followed by the direct addition of 0.010 mL of 
ethanol solution of  2.2×10-4 mol L-1 MBA. No raman signal peak was observed for the 
sample prepared by dropping 0.010 mL of ethanol solution of  2.2×10-4 mol L-1 MBA 




Figure 6.1 TEM images of gold sponges prepared with 0.5 mL PVP (0.05 g in 100 mL H2O) (a, 
including inset of its SAED spectra) and 0.5 mL PVP (0.05 g in 100 mL ethanol) (b-d), noting 
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6.3 Results and Discussion 
6.3.1 Formation of Tenuous Gold Sponges 
  
Figure 6.2 TEM images: the PVP concentration tested in this work for the formation of gold 
sponges included: a) no PVP addition; b) PVP in 2-propanol (2.17 wt %). 
Figure 6.1 presents the results of the transmission electron microscopy and selected-area 
electron diffraction (TEM/SAED) investigation. Three dimensional porous networks 
with uniform ligaments (7-10 nm) and abundant junctions were observed in systematic 
experiments by controlling the concentration of reactants, aging and reaction time, order 
of reactants addition, types of reducing agent and solvents of PVP dissolved. More 
specifically, solvents of PVP dissolved did not represent apparent effect on morphology 
and formation of gold sponges, as shown in Figure 6.1a-b. When the above water/ethanol 
system was replaced with water/2-propanol mixed solvent, for example, only a slight 
enlargement of liganments could be found (Figure 6.2). Upon that, no alcoholic reduction 
of ionic gold in the presence of a polymeric stabilizer was assumed in this study 
(Carotenuto et al., 2003). In addition, the role of PVP was primarily restricted as a 
stabilizer agent since this unique sponge-like structure could be obtained in a simple 
reaction of ionic gold and sodium borohydride without PVP addition while the width of 
filaments was around 20 nm which was a little bigger than those of prevalent gold 
b)a) 
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sponges in this swift approach (Figure 6.2a). Thus, it was postulated that PVP existence 
could stunt gold sponges into large ones and favor homogeneous morphology of sponges 
with its particular matrix. In order to further testify it, highly concentrated NaBH4 (e.g., 
0.44 M) was injected to quicken up the formation of gold sponges and to lower the 
stabilizing effect of PVP. Indeed, the gold sponges obtained above were the same as the 
product without any PVP addition (Figure 6.2a), which possessed larger filaments and 
intermittent skeletal structures.  
 
More interestingly, within a set of controlling parameters, the formation of gold sponges 
was less dependent on the concentration of reactants, especially ionic gold and PVP. The 
systematic studies have been performed to confirm this finding, as seen in Figure 6.2. 
Moreover, the aging and reaction time could not be determinant paprameters on the 
morphology of gold sponges. However, the aging time led to more uniform networks 
including similar ligaments and clear junctions, compared to the result of getting rid of 
this step. The extended aging time cannot affect the morphology of gold sponges, 
whereas the hydraulic condition (e.g. 15-min stirring operation) can help to aggregate the 
mostly nanofibres into 3D networks without dispersive nanoparticles (Figure 6.3 and 
Figure 6.4). On the other hand, once the black precipitates appeared in the solution, it 
seemed that continuous stirring could not cause any further transformation of gold 
sponges. Thus, in this study, we set up fifteen minutes as standard aging and reaction 
time to ensure the quality products.  
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Figure 6.3 TEM images: probative formation of gold sponges tested in this work using 0.01 M 




Figure 6.4 TEM images of different hydraulic conditions: aged gold solution, 2 mL [AuCl4]- 
(0.03 M) + 2 mL PVP (0.05 g in 100 mL ethanol); a) Test in a sample vial with vigorous stirring, 
b) Test on a glass slide. 
 
Besides these parameters mentioned above, the order of reactant addition and alternative 
reducing agent were investigated (Figure 6.5 and Figure 6.6). For instance, (i) the strong 
reductant ([BH4]- ) and PVP were mixed first, followed by the addition of ionic gold; (ii) 
the ionic gold and BH4- were added first, followed by PVP stabilizing. The sponges 
obtained from the first case also held the 3D networks whose junctions were substantive 
but uneven. This case would likewise provide definite evidence on the need of aging time.  
a) b) c)
a) b)
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In the second case, as compared to the reaction without PVP, it was either apparent to 
find out the polymer stabilization, which resulted in three dimensional interconnecting 
ligaments, yet with uneven width. In principle, the aging step was indispensable to obtain 
the uniform networks. With regard to weak reducing agent, the ascorbic acid (0.1 M) was 
used to examine this mechanism for gold sponges. Nonetheless, after at least 15-min 
reaction, there was not any ligament of sponge-like structures in a dark purple solution, 
while star-like structure getting together can be seen (Figure 6.5). It may be attributed to 
the mild reducing properties of ascorbic acid which cannot achieve the formation of 
sponges. Therefore, this present approach preferred NaBH4 to ascorbic acid so as to 
pursue a swift means to fabricate nanoporous networks. To understand the growth 
processes, the function of PVP was further explored by the UV-Visible spectroscopy 
method, as reported in Figure 6.7. The absorption at 305 nm can be assigned to ligand-to-
metal charge transfer in [AuCl4]- ion. This peak is shifted only slightly to 302 nm when 
PVP is added, indicating that the direct chemical interaction between the gold ions and 
PVP is unlikely prior to their reduction. Therefore, the role that PVP is playing is indeed 
as a space guider to form the porous networks and as a structural limiter to stunt the rapid 








Figure 6.5 TEM images: Reductants tested in this work for the formation of gold sponges 




   
Figure 6.6 TEM images: Order of reactants addition tested in this work for the formation of gold 














Figure 6.7 Representative UV-Vis spectra: (a) aqueous HAuCl4 solution (0.5 mM), (b) PVP-
HAuCl4 mixture (HAuCl4 (0.5 mM) + PVP (8.3 μg/mL), (c) PVP aqueous solution (8.3 μg/mL), 
and (c) after reaction for 15 min [i.e., 0.5 mL of HAuCl4 (30 mM) + 0.5 mL of PVP (0.5 mg/mL) 
+ 1 mL of NaBH4 (0.1 M)]. 
 
 
6.3.2 Macroscopical Morphology of Gold Sponges 
Based on sample preparation of TEM investigation described in Section 6.2.2, it was 
found that individual interconnecting ligaments were obtained with one-minute 
sonication. Very surprisingly, after this strong dispersing manipulation, the sparsely 
dispersed precipitates gathered together in a minute. This observation is consistent with 
the investigations of S. Mann’s research group (Walsh et al., 2003). They proposed that 
the metal sponges showed magnetic property in a certain extent. For the sake of better 
understanding, field-emission scanning electron microscopy (FESEM) was performed, 
during which the solid products did not be treated with sonication and Pt coating. The 
high and low resolution of FESEM images of tenuous gold sponges can be seen in Figure 
6.8. It was noted that bundles of gold sponges could be compact and steady 3D porous 
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of these bundles is observed in Figure 6.8d and 6.8e. Cloudy and nano-porous 
appearance was favorable to higher surface area and minute tunnels for the practical use 
of filtration and catalysis. To further demonstrate it, the samples on the copper grids 
which were used in TEM investigation with pre-sonication were also studied under 
FESEM observations, as seen in Figure 6.8c.  At least 10-micrometer diameter of the 
thin-film like architecture was observed, which possessed uniform size of 
interconnecting ligaments and abundant pores herein. In general, the findings of FESEM 
images demonstrated that three dimensional porous gold sponges were able to meet the 
requirements of skeletal materials, such as extended stability, sufficient intensity, 




Figure 6.8 FESEM images of gold sponges prepared with 0.5 mL PVP (0.05 g in 100 mL 
ethanol), 0.5 mL [AuCl4]- (0.03 M) and 1 mL [BH4]- (0.1 M) (a-e), noting that Figure 6.7c was 
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6.3.3 Surface Chemistry and Organizing Mechanism 
The XPS spectra for pure PVP and one representative sample are displayed in Figure 
6.10. The main peak of C 1s at 284.6 eV can be assigned to aliphatic hydrocarbon chains 
of the surfactant, while the smaller peak at a higher BE of 285.7-286.4 eV is assigned to 
C-O-C species which was resulted from a small degree of surface oxidation of the 
aliphatic chains, and the smallest peak at a BE of 287.4-288.2 eV is assigned to C=O 
species of the PVP. The main peak of O 1s at 530.6-530.8 eV is assigned to O atoms in 
the carbonyl groups in PVP and the peak of O 1s at 531.9-532.1 eV can be assigned to 
surface-adsorbed carbonate anions from ambience. It appeared that the O 1s peak for 
gold sponges did not apparent shift compared with that for pure PVP. The fact indicated 
that there may be not a strong interaction occurring between gold atoms on the surface of 
the gold sponges and O atoms in PVP (Sun et al., 2002). To further demonstrate this 
assumption, the peak of N 1s at 399.4-399.5 eV was also assigned to the N atoms of PVP. 
The smaller peak of N 1s in gold sponges revealed that PVP could be consumed as a 
protecting agent and a structure-directing agent. The Au4f (4f7/2 and 4f5/2) photoelectrons 
have binding energies (BEs) of PVP-capped Au0 at 83.5 eV and 87.1 eV, while the tiny 
components at 84.3 eV and 87.9 eV indicate a small degree of charge transfer from the 
gold to the surfactant ends. 
On the basis of the above XPS analysis, a few conclusions regarding the mechanisms of 
gold sponges can be drawn. In this swift synthesis of gold sponges, PVP might be used 
not only as the protecting agent to avoid the severe aggregation but also as a structure-
directing agent. The existence of PVP on the surface of gold sponges was confirmed so 
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that polyol reduction did not happen according to the absence of O 1s shift (Sun et al., 
2002). Meanwhile, the role of structure-directing agent can be further demonstrated by 
HRTEM images (Figure 6.9), which also substantiate the good crystalline gold sponges. 
Very interestingly, the interconnecting portion showed randomly lattice fringes which 
were consistent with the previous study (Li et al., 2005; Zhang et al., 2006). Therefore, 
before the formation of gold sponges, abundant resultant gold nanoparticles had been 
synthesized first, and then organized to the interconnecting ligments as kernel portion of 
gold sponges which were further kept from severe aggregation with the assistance of 
PVP. We used 0.01 M NaBH4 as a reductant to slow down the reaction speed so as to 
probe this phenomenon. The resultant findings are consistent with the presumption based 













Figure 6.9 HRTEM images of gold ligaments in typical gold sponge including along a ligament and 































Figure 6.10 Structure diagram of PVP (a); X-ray photoelectron spectra of pure PVP (b-d) and 
typical gold sponge (e-h). 
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6.3.4 SERS Application 
Surfaced enhance raman scattering (SERS), as a new technique to surface science, trace 
analysis and sensing (Wieland et al., 1993; Park et al., 1990; Michaels et al., 2000; 
Schwartzberg et al., 2004; Ren et al., 2003; Jiang et al., 2005; Michota et al., 2003), has 
been studied to explore its basic nature. The SERS activity of the gold nanoparticle 
aggregate system has also been successfully demonstrated for several molecules 
including Rhodamine 6G (R6G), adenine, L-cysteine, L-lysine, and L-histidine (Wieland 
et al., 1993; Park et al., 1990; Michaels et al., 2000; Schwartzberg et al., 2004; Ren et al., 
2003; Jiang et al., 2005; Michota et al., 2003). From the morphology of gold sponges 
which had abundant interconnecting ligaments as a good aggregates substrate, it is 
reasonable that these gold sponges should show evident SERS activity. Figure 6.11a 
reports the Brunauer-Emmett-Teller (BET) measurement for the porous Au spheres.  The 
N2 adsorption-desorption isotherms show a hysteresis loop that belongs to type H3. The 
loop shape observed is normally attributed to slit-shaped pores given by assemblage of 
plate-like particles. The specific surface area in this sample is 9.7 m2/g and the average 
pore diameter determined by the standard Barrett-Joyner-Halenda method is about 30 nm 
(Figure 6.11b). To study their SERS effect, we employed MBA as the probe molecule 
(Wieland et al., 1993; Park et al., 1990; Michaels et al., 2000; Schwartzberg et al., 2004; 
Ren et al., 2003; Jiang et al., 2005; Michota et al., 2003). MBA has several binding sites, 
that is, the benzene δ-electron system, carboxyl groups, and thiol groups. As shown in 
Figure 6.12 is the representative SERS spectrum of MBA on a gold sponges substrate, 
which is dominated by the strong band at about 1076.5 and 1583.7 cm-1, assigned to out-
of-plane vibration of the benzene ring (ν12 andν8a) (Wieland et al., 1993; Park et al., 
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1990; Michaels et al., 2000; Schwartzberg et al., 2004; Ren et al., 2003; Jiang et al., 2005; 
Michota et al., 2003). 
 








































Figure 6.11 (a) Isothermal nitrogen adsorption-desorption loop of Au sponges from which 
specific surface area and pore size distribution were derived, (b) BJH pore size distribution 
(desorption data). 
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6.3.5 Further Investigation 
As discussed above, PVP could induce the thinner nanofibres to fabricate the 3D Au 
sponges. With the best knowledge of us, the stabilizing effect also could be achieved by 
using other surfactants (e.g., Tween85). As shown in Figure 6.13, the Au 3D sponge-like 
architectures were obtained with the assistance of various surfactants, such as Tween85, 
sodium citrate and DDT (in ethanol). The dimension of these ligaments had slight 
difference from those with PVP assistance. Therefore, the system in this project can be 
commonly and extensively employed to obtain the metal foams so as to fulfill the 
potential requirement of the applications in catalysis and biology etc. 
 
6.4 Conclusions 
In summary, we presented a systematic investigation on swift synthesis of ultrafine gold 
networks through a reductive solution process with assistance of PVP under ambient 
conditions. The dimension of ligaments among the connection of these sponge-like 
materials is less than 10 nm (7.2±1.0 nm), while PVP played an important role to induce 
these stable 3D architectures and prevent the formation of bigger particles. In addition, 
other controlling parameters including the concentration of reactants, aging and reaction 
time, order of reaction addition, types of reducing agent and the solvents of PVP 
dissolved, and various surfactants (e.g., Tween85) were investigated to study their 
mechanism of Au sponges. This process showed that the surfactants not only played as a 
stabilizing reagent, but provided the necessary skeletal structure for the formation of Au 
sponges. In view of this process simplicity, this template-free direct method can be 
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further studied for large scale fabrications of other low density metals as well as alloys 



















Figure 6.13 TEM images of gold sponges synthesized with various surfactants: (a-b) Tween85, 
(c-d) Sodium citrate, (e-f) DDT in ethanol. Note that grey section in the images may be caused 
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Table 6.1 Experimental conditions for some representative samples reported in this work. 
Sample Preparation details (also refer to Experimental Section in the main text) 
Fig 6.1a 0.5 mL of [AuCl4]
- (0.03 M) + 0.5 mL PVP (0.05 g in 100 mL DI water) + 1 
mL NaBH4 (0.1 M), 15 min + 15 min reaction 
Fig 6.1b-d 0.5 mL of [AuCl4]
- (0.03 M) + 0.5 mL PVP (0.05 g in 100 mL ethanol) + 1 mL 
NaBH4 (0.1 M), 15 min + 15 min reaction 
Fig 6.2a 0.5 mL of [AuCl4]
- (0.03 M) + 0.5 mL NaBH4 (0.1 M), 10 min reaction (no PVP 
addition) 
Fig 6.2b 0.5 mL of [AuCl4]
- (0.03 M) + 0.5 mL PVP (2.17 wt% in 2-propanol) + 1 mL 
NaBH4 (0.1 M), 15 min + 15 min reaction 
Fig 6.3a 0.5 mL of [AuCl4]
- (0.03 M) + 0.5 mL PVP (0.05 g in 100 mL ethanol) + 1 mL 
NaBH4 (0.01 M), 15 min + 120 min reaction 
Fig 6.3b-c 0.5 mL of [AuCl4]
- (0.03 M) + 0.5 mL PVP (0.05 g in 100 mL ethanol) + 1 mL 
NaBH4 (0.01 M), 15 min + more than 50 h reaction 
Fig 6.4a 
Aged gold solutions (at 60℃, 7 days ) on the synthesis gold sponges: 2 mL 
[AuCl4]- (0.03 M) + 2 mL PVP(0.05 g in 100 mL ethanol). Reaction 
Conditions: 1 mL aged solution + 1 mL NaBH4 (0.1 M), 15 min + 15 min, 
vigorous stirred in sample vial 
Fig 6.4b 
Aged gold solutions (at 60℃, 7 days ) on the synthesis gold sponges: 2 mL 
[AuCl4]- (0.03 M) + 2 mL PVP(0.05 g in 100 mL ethanol). Reaction 
Conditions: 1 mL aged solution + 1 mL NaBH4 (0.1 M), tested on a glass slide 
Fig 6.5a 0.5 mL of [AuCl4]
- (0.03 M) + 0.5 mL PVP (0.05 g in 100 mL ethanol) + 1 mL 
NaBH4 (0.44 M), 15 min + 15 min reaction 
Fig 6.5b 0.5 mL of [AuCl4]
- (0.03 M) + 0.5 mL PVP (0.05 g in 100 mL ethanol) + 1 mL 
NaBH4 (0.2 M), 15 min + 15 min reaction 
Fig 6.5c 0.5 mL of [AuCl4]
- (0.03 M) + 0.5 mL PVP (0.05 g in 100 mL ethanol) + 1 mL 
NaBH4 (0.01 M), 15 min + 15 min reaction 
Fig 6.5d 0.5 mL of [AuCl4]
- (0.03 M) + 0.5 mL PVP (0.05 g in 100 mL ethanol) + 1 mL 
Ascorbic acid (0.1 M), 15 min + 15 min reaction 
Fig 6.6a 1 mL NaBH4 (0.1 M) + 0.5 mL PVP (0.05 g in 100 mL ethanol) +0.5 mL of [AuCl4]- (0.03 M), 15 min + 15 min reaction 
Fig 6.6b 0.5 mL of [AuCl4]
- (0.03 M) + 1 mL NaBH4 (0.1 M) + 0.5 mL PVP (0.05 g in 
100 mL ethanol) , 15 min + 15 min reaction 
Fig 6.8a-e Sample = Fig 6.1b-d 
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Fig 6.9a-d Sample = Fig 6.1b-d 
Fig 6.10e-h Sample = Fig 6.1b-d 
Fig 6.11 Sample = Fig 6.1b-d 
Fig 6.12 Sample = Fig 6.1b-d 
Fig 6.13a-b 1 mL of [AuCl4]
- (0.03 M) + 1 mL of Tween85 + 2mL of NaBH4 (0.3 M) + 3 
mL of H2O, 15 min + 15 min reaction 
Fig 6.13c-d 1mL of Sodium citrate (0.03 M) + 0.5 mL of [AuCl4]
-1 (0.03 M) + 1 mL of 
NaBH4 (0.01 M), 15 min + 15 min reaction 
Fig 6.13e-f 0.55 mL of DDT (0.11 M in ethanol) + 2 mL of [AuCl4]
-1 (0.03 M) + 2 mL of 
NaBH4 (0.01 M), 15 min + 15 min reaction 
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SURFACTANT MEDIATED SELF-ASSEMBLY OF Au 
NANOPARTICLES AND THEIR RELATED CONVERSION TO 
COMPLEX MESOPOROUS STRUCTURES 
7.1 Introduction 
Gold nanoparticles (AuNPs) are among the most studied nanomaterials in recent years, 
owing to their outstanding properties in catalytic, electrical, optical, and biomedical 
applications (Bae et al., 2005; Deng et al., 2005; Minko et al., 2002; Burkett et al., 1996; 
Correa-Duarte et al., 2006; Gao et al., 2005; Fresco et al., 2005; Huang et al., 2006; Guan 
et al., 2005; Yatsui et al., 2005; Ohara et al., 1997; Nikoobakht et al., 2000; Demers et al., 
2001; Hassenkam et al., 2002; Teranishi et al., 2001; Shimizu et al., 2003; Kanehara et 
al., 2003; Jin et al., 2004; Liz-Marzán et al., 2003; Khanal et al., 2007; Fan et al., 2005). 
Accordingly, self-assembly and organization of nanostructures of this noble metal have 
also aroused significant attention, ranging from one-, two-, and three-dimensional (1D, 
2D, and 3D) ordered arrays and superlattices to random aggregates and superstructures 
(Bae et al., 2005; Deng et al., 2005; Minko et al., 2002; Burkett et al., 1996; Correa-
Duarte et al., 2006; Gao et al., 2005; Fresco et al., 2005; Huang et al., 2006; Guan et al., 
2005; Yatsui et al., 2005; Ohara et al., 1997; Nikoobakht et al., 2000; Demers et al., 2001; 
Hassenkam et al., 2002; Teranishi et al., 2001; Shimizu et al., 2003; Kanehara et al., 
2003; Jin et al., 2004; Liz-Marzán et al., 2003; Khanal et al., 2007; Fan et al., 2005). 
While most of this research endeavor relies on the van der Waals interaction of 
surfactants adsorbed on the surfaces of AuNPs, increasing activities have been devoted to 
several types of constructional assemblies, in which as-synthesized AuNPs were used as 
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primary building units to grow larger monodisperse particles (Maye et al., 2000; Halder 
et al., 2007), and to construct continuous 3D networks under heating conditions (Zhang 
et al., 2007). One important area remained to be explored is whether these preassembled 
AuNPs can be utilized as structural precursors for fabricating other even more complex 
Au nanostructures when surface organics are removed. Herein, we devise a new 
synthetic protocol, which combines both surfactant-assisted assembly and heat-activated 
attachment, to generate mesoporous gold nanostructures.  In particular, small AuNPs 
(2−5 nm in size) will be used as starting units to fabricate several different kinds of 
complex mesoporous gold nanostructures in either discrete or interconnected forms with 
a high morphological yield of 100%. 
 
7.2 Experimental Section 
7.2.1 Preparation of assemblies of Au nanoparticles 
The preparative scheme involved the synthesis of gold nanoparticles (AuNPs, 2−5 nm in 
diameter) and hydrothermal synthesis of hollow gold spheres.  The preparation of the 
AuNPs suspension has been detailed in the previous report (Zhang et al., 2007), after 
Brust’s two-phase approach with some minor modifications (Brust et al., 1994). Briefly, 
a hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, at 32.85 mM) aqueous solution 
(3.0 mL) was added to a tetraoctylammonium bromide (TOAB, at 49.5 mM) containing 
toluene solution (3.982 mL), and the resultant solution was thoroughly mixed, during 
which the aqueous phase turned from yellow to colorless while organic phase turned 
orange as a result of the transformation of [AuCl4]− with TOAB cations.  Under the 
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stirring condition at room temperature, the solution was further mixed with 1-
dodecanethiol (DDT, 0.1106 M in toluene, 0.4455 mL) for 15 min, followed by adding a 
freshly prepared sodium borohydride (NaBH4, at 0.4457 M in deionized water, 2.2 mL) 
solution.  The above mixture immediately turned from orange to deep brown, and the 
resulting AuNPs suspension was continuously stirred for another 15 min.  In a typical 
experiment, 0.2−4 mL of AuNPs suspension (in toluene phase) was added into 20 mL of 
toluene, followed by the addition of 1,9-nonanedithiol (0.04−0.8 mL, 0.11M).  The 
obtained mixture was then placed into a Teflon-lined stainless steel autoclave, and the 
solvothermal synthesis was conducted at 100−200 oC for 0.5−60 h in an electric oven.  
After the reactions, gold products were harvested by centrifuging and dissolved into 
ethanol solvent for their stabilization. Detailed preparative parameters adopted in the 
above experiments can be found in Table 7.1. 
7.2.2 Materials Characterizations 
The as-prepared gold nanomaterial products were characterized with various analytical 
techniques, which include high-resolution analytical transmission electron microscopy 
(TEM and HRTEM, JEM2010 and JEM2010F), selected area electron diffraction 
(SAED), field-emission scanning electron microscopy (FESEM, JSM-6700F), scanning 
transmission electron microscopy (SEM, JSM-5600LV), energy-dispersive X-ray 
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS, AXIS-HSi, Kratos 
Analytical), laser light scattering (LLS, BI 90 plus Particle Sizer, Brookhaven 
instruments), Fourier transform infrared spectroscopy (FTIR, Bio-Rad), surface area and 
porosity analysis (BET and BJH methods, NOVA-3000), powder X-ray diffraction 
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(XRD, Shimadzu XRD-6000, Cu Kα radiation), and thermogravimetric and differential 
thermogravimetric analysis (TGA and DrTGA, TA instrument, TA-2050). 
 
7.3 Results and Discussion 
The as-synthesized freestanding AuNPs via a two-phase route normally have a size 
distribution of 2 to 5 nm, as shown in Figure 7.1a.  Using them as starting units, different 
modes of AuNPs assemblies can be obtained.  By selecting a set of preparative 
parameters, for example, three major types of organizations have been made at 140 oC 
(Table 7.1): (1) long pearl-chain-like 3D aggregates (Figure 7.1b), (2) short chained 3D 
aggregates (Figure 7.1c), and (3) connected or discrete spherical aggregates (Figure 7.1d-
f).  In the first two 3D organizing modes, the primary AuNPs aggregate themselves into 
larger particles in the diameter range of 50−150 nm, and the resultant particulates then 
connect one another into 3D-networks, giving rise to a spongelike structure.  In the third 
mode of assembly, the primary AuNPs simply produce a perfect spherical morphology 
(Figure 7.1d-f) with diameters in a range of 400−500 nm, which is about 10 times larger 
than what had been achieved in a recent study using larger AuNPs (5−8 nm in diameter) 
as building blocks (Hussain et al., 2006). The morphological yield for each type of 
product is extremely high at about 100%, and the panoramic views of some 
representative samples reported herein are displayed in Figure 7.2.  It should be 
emphasized that the AuNPs in these aggregative assemblies do not show severe 
crystallite coarsening, as detailed in Figure 7.1f (and Figure 7.3), after the hydrothermal 
treatments at a relatively low temperature (e.g., 140 oC).  Under identical conditions, the 
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Figure 7.1 TEM images for (a) as-synthesized AuNPs, (b) long pearl-chain-like Au aggregates, 
(c) short chained 3D spongelike Au aggregates, and (d-f) spherical Au aggregates.  All the Au 






















Figure 7.2 Panoramic views of the prepared Au products (FESEM images): (a,b) pearl-chain-like 























Figure 7.3 Detailed TEM images of solid Au spheres (i.e. AuNPs aggregates): a) Solid Au 
























Figure 7.4 Time dependent AuNPs aggregating and coarsening (TEM images): (a) 40 min, (b) 1 
h, (c) 1.5 h, and (d) 4 h at 140 oC (i.e., the same sample used in Figure 7.1b).  More details on this 



























Figure 7.5 Detailed TEM images of time-dependent AuNPs aggregation and coarsening.  
Notes: (i) Sample (4 h) = Sample used in Figure 7.1b of the main text; (ii) Also refer to Table 7.1 
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As illustrated in Figure 7.4, when the process time is short (e.g., 1 h), the starting AuNPs 
in the initial suspension do not show appreciable aggregation.  With an increase in time 
to 1.5 h, a three-dimensional porous network starts to shape.  It is clearly indicated that 
the assembled AuNPs are further concentrated in the junctures of the 3D network, whilst 
void spaces are being enlarged.  More condensed aggregates are eventually produced, 
resulting in the same aggregative morphology displayed in Figure 7.1b.  When this 
process is prolonged, large crystallites of Au are produced (6 h, Figure 7.5).  It has also 
been found that, in general, a higher content of 1, 9-nonanedithiol favors the aggregation 
of AuNPs.  As reported in Figure 1c and d, more spherical forms of aggregate can be 
obtained when 1,9-nonanedithiol are more abundant (Table 7.1). 
At higher temperatures, the growth of pristine AuNPs in the aggregates becomes 
appreciable (180 oC, Figure 7.3), and more complex Au-nanostructures can be made.  
Importantly, the high-temperature condition causes permanent engagement (or fusion) 
among the aggregated AuNPs, when organic surfactants (e.g., 1, 9-nonanedithiol as 
linkers) are removed.  As a result, porosity generates within the aggregates.  Figure 7.6 
shows three representative porous Au products.  The first one, freestanding Au 
nanospheres, were prepared by simply rising process temperature (180 oC in Figure 
7.6a,b vs 140 oC in Figure 7.1).  At this temperature, furthermore, complicated Au 
nanostructures could also be attained when an extra amount of tetraoctylammonium 
bromide (TOAB) was present during the hydrothermal treatment (Table 7.1).  For 
instance, the second type of porous Au has a core-shell morphology (Figure 7.6c,d; 
Figure 7.7), noting that the Au core could also be removed, if desired (Figure 7.7).  And 
in the third type of Au nanostructure, the core-shell Au spheres (type II) can be 
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interlinked through thin gold threads, giving rise to an intricate hierarchical 3D network 
(Figure 7.6e,f) that are configured from two different building blocks (i.e., spheres and 
threads).  It is worth mentioning that all types of solid AuNPs assemblies and porous Au 
nanostructures were very stable in ethanol and they did not show growth at room 













Figure 7.6 TEM images for (a, b) porous Au spheres, (c, d) core-shell Au spheres, and (e, f) Au-
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As noted earlier, the generation of interior porosity is apparently associated to depletion 
of anchored surfactants and direct attachment among the AuNPs.  To understand the 
mechanism of pore formation, different analytical techniques were further employed in 
this work.  The Fourier transform infrared spectroscopic (FTIR) study in Figure 7.8a 
reveals that hydrothermal process is indeed efficient in removing organic surfactants.  
For example, the intensities of C−H vibrational modes located at 2920 and 2850 cm−1 
[νas(CH2) and νs(CH2)] and two weaker modes at 2962 and 2878 cm−1 [νas(CH3) and 
νs(CH3)] (Shon et al., 2000) of adsorbed surfactants have reduced in the solid AuNPs 
aggregates (i.e., solid Au spheres) and eventually become undetectable in the porous Au 
spheres, indicating the surfactants have been gradually removed after hydrothermal 
reactions at 140−180 oC. The thermogravimetric analysis (TGA) in Figure 7.8b also 
shows that about 10% of weight was still lost in the porous Au spheres over 200−500 oC.  
This weight loss centered at 284 oC was resulted from the combustion of adsorbed, 
and/or trapped organic compounds in the porous Au spheres.  Furthermore, the result of 
the X-ray diffraction (XRD, Figure 7.8c) for the porous Au spheres shows well defined 
characteristic metallic gold patterns (JCPDS card no. 04-0784), confirming an increase in 
crystallite size of Au when surfactant organics were removed (also see the HRTEM data 
later).  On the basis of the above TEM/FTIR/TGA/XRD investigations, Figure 7.8 (color 
inset) illustrates a formation mechanism of the porous Au spheres.  In their as-prepared 
suspension, the AuNPs capped with 1-dodecanethiol surfactant molecules are discrete 
and freestanding (step i).  Under hydrothermal conditions, some of the monodentate 1-
dodecanethiol molecules are replaced by bidentate 1, 9-nonanedithiol, which brings 
neighboring AuNPs together, producing solid Au aggregates (step ii).  At an even higher 
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temperature, the aggregative processes can be accelerated, during which the dithiol linker 
could be further eliminated.  As a result, direct contact among the AuNPs and thus 
development of pore/void space are expected (step iii), although some residual organics 
could still be detected in the TGA measurements (Figure 7.8b). 
To acquire further information on the surfactant depletion, we carried out an X-ray 
photoelectron spectroscopy (XPS) investigation.  In Figure 7.9, the main peaks of C 1s at 
284.6 eV can be assigned to aliphatic hydrocarbon chains of the surfactants (i.e., thiols) 
and the smaller peaks at higher binding energies (BEs) of 285.5−285.7 eV are assigned 
to C−O−C and C−OH species which were resulted from a small degree of surface 
oxidation of the hydrocarbon chains (Zhang et al., 2007; Zhang et al., 2006; Li et al., 
2005). The peaks of O 1s at 531.3−531.6 eV can be attributed to surface-adsorbed 
hydroxyl groups and the small peak of O 1s at 533.2 eV to the entrapped/adsorbed water 
molecules in the solid AuNPs aggregates (Figure 7.9b) (Zhang et al., 2007; Zhang et al., 
2006; Li et al., 2005). The results of the S 2p spectra are also in good agreement with the 
FTIR findings.  For the solid spheres, the S 2p3/2 and 2p1/2 at 162.2 and 163.5 eV have 
the typical BEs reported for adsorbed thiols on Au (Zhang et al., 2007; Zhang et al., 2006; 
Li et al., 2005). These two peaks are significantly reduced in the porous Au spheres, 
while sulfate ions (S 2p3/2 and 2p1/2 at 168.8 and 170.2 eV) become pronounced (Zhang 
et al., 2007; Zhang et al., 2006), because some of the thiols were oxidized during the 
hydrothermal processes.  Consistently, Au 4f7/2 and 4f5/2 photoelectrons also have typical 
BEs of alkanethiol-capped Au0 at 83.4−84.1 eV and 87.1−87.8 eV (Zhang et al., 2007; 
Zhang et al., 2006; Li et al., 2005). In this agreement, a decrease in BEs of Au 4f in the 
porous Au spheres is observed, because of a lower content of thiol/dithiol on the surface 
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and weaker interaction between the surfactant ad-layer and Au substrate.  Furthermore, 
the tiny Au 4f components at 84.4−84.9 eV and 87.8−88.2 eV indicate a small degree of 
charge transfer from the gold to the thiol ends (Zhang et al., 2007; Zhang et al., 2006; Li 
et al., 2005). There was not any Br 3d photoelectron peak in both samples (Figure 7.12), 
which confirms that the TOAB in the as-prepared AuNPs have been replaced by 1,9-
nonanedithiol during the aggregative processes. 
In relation to the structural tailoring, Figure 7.10a reports the Brunauer-Emmett-Teller 
(BET) measurement for the porous Au spheres.  The N2 adsorption-desorption isotherms 
show a hysteresis loop that belongs to type H3 (Sing et al., 1985). The loop shape 
observed is normally attributed to slit-shaped pores given by assemblage of plate-like 
particles (Sing et al., 1985). In this connection, the {111} facets of gold metal are 
expected to be predominant surfaces bordering this type of pores, since they are 
thermodynamically more stable.  Indeed, the HRTEM examination in Figure 7.10b-d 
reveals the pores in the spheres are mainly faceted with the {111} surfaces, as resolved in 
lattice fringes of d111 (0.24±0.02 nm; Figure 7.13) along the pore spaces (Zhang et al., 
2007; Zhang et al., 2006). Moreover, coherent crystalline grains in these porous spheres 
are greater than 10 nm (Figure 7.13), which indicates that the oriented attachment was a 
growth mechanism of Au when surfactants were removed (Penn et al., 1998; Yang et al., 
2004; Zeng et al., 2006). The specific surface area in this sample is 11.4 m2/g and the 
average pore diameter determined by the standard Barrett-Joyner-Halenda method is 
about 12.4 nm (Figure 7.14).  As a point of reference, reported specific surface areas of 
Au particles with diameters of 20−100 nm are in the range of about 1−3 m2/g. In 
comparison, the specific surface area of the porous Au should be considered high, despite 
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their large sphere size (averaged at ca 300 nm; based on the laser light scattering 
measurements; Figure 7.15).  Importantly, these mesoporous Au structures can be easily 
separated after use, which is a clear advantage over their unorganized counterparts 
concerning their future applications.  More interestingly, the preliminary synthetic 
experiments reported in Figure 7.11 indicate that the AuNPs aggregates or Au 
nanostructures reported herein can be used as building precursors for fabrication of 
conductive thin films (e.g., on SiO2 substrate).  The resultant porous two-dimensional 
networks of gold allow light to go through their 2D pore spaces, and thus they can serve 
as optical transparent film electrodes for solar cells, light emitting diodes, display devices, 



























Figure 7.7 Images of Au core-shell structure and hollow structures: a-b) FESEM images of Au 























Figure 7.8  (a) FTIR spectra for three different Au samples, (b) TGA scan and its DrTGA curve 
(porous Au spheres), and (c) a representative XRD pattern (porous Au spheres); details on the 
preparation of these samples can be found in Table 7.1. Color inset illustrates an assembly-then-
attachment mechanism of for total volume reduction (i.e., pore/void generation); individual 
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Figure 7.9 XPS spectra for solid Au spheres (a-d) and porous Au spheres (e-h); details on the 













































































Figure 7.10  (a) Isothermal nitrogen adsorption-desorption loop of porous Au spheres from 
which specific surface area and pore size distribution were derived (Figure 7.14), (b) TEM image 
of two porous Au spheres, and (c and d) HRTEM images for two pores indicated in (b).  Most 
lattice fringes observed belong to {111} plane spacing.  Details on the preparation of this sample 










































Figure 7.11 SEM image of the two-dimensional metal gold network on a quartz plate.   The 2D 
porous structure was synthesized from the assembly of as-prepared solid Au spheres; details on 



























































Figure 7.14 BJH pore size distribution (desorption data). Specific pore volumes: Microporous 




































2.3 mg of porous Au spheres sample was dissolved in 2 mL ethanol for the investigation. 
z 0.2 mL of the solution above was added into a sample holder with 3 mL of ethanol.  The 


























z 0.3 mL of the above prepared solution was added into a sample holder with 3 mL of ethanol.  
The mixture was sonciated for one minute and put into the equipment for measurement. 
 




















In summary, for the first time, we have devised a hydrothermal method for self-assembly 
and organization of as-synthesized gold nanoparticles into various aggregative 
morphologies.  Using the assembled gold nanoparticles as structural precursors, 
furthermore, mesoporous gold spheres in either discrete or interconnected forms can be 
prepared at higher process temperatures through removal of bidentate linker molecules.  
Excellent product controllability and high morphological yield have been achieved via 
tuning preparative parameters. These preliminary investigations also show that the 
assembled gold nanoparticles and nanostructures can be used as building blocks for 
construction of three-dimensional networks as well as for fabrication of two-dimensional 
porous thin films. 
Table 7.1 Experimental conditions for some representative samples reported in this work. 
Sample Preparation details (also refer to Experimental Section in the main text) 
Figure 7.1a 
The Au nanoparticles (AuNPs) were synthesized according to Brust’s two-phase 
protocol with some minor modifications.  Molar ratios of the reactants in this 
synthesis were Au/DDT = 1, TOAB/Au = 2, and NaBH4/Au = 10. 
Figure 7.1b 0.2 mL of ethanol-washed AuNPs + 20 mL of toluene + 0.2 mL of 1,9-nonanedithiol (0.11 M).  Hydrothermal synthesis was conducted at 140 oC for 4 h. 
Figure 7.1c 0.2 mL of as-synthesized AuNPs + 20 mL of toluene + 0.2 mL of 1,9-nonanedithiol (0.11 M).  Hydrothermal synthesis was conducted at 140 oC for 4 h. 
Figure 7.1d-f 2 mL of as-synthesized AuNPs + 20 mL of toluene + 0.4 mL of 1,9-nonanedithiol (0.11 M).  Hydrothermal synthesis was conducted at 140 oC for 4 h. 
Figure 7.2a,b Pearl-chain-like Au aggregates = Figure 7.1b  
Figure 7.2c,d Solid Au spheres = Figure 7.1d-f  
Figure 7.2e,f Porous Au spheres = Figure 7.4a,b 
Figure 7.3a Sample = Figure 7.1c 




2 mL of as-synthesized AuNPs + 20 mL of toluene + 0.4 mL of 1,9-nonanedithiol 
(0.11 M).  Hydrothermal synthesis was conducted at 180oC for 2 h.  In this AuNPs 
preparation, the detailed molar ratios of the reactants can be shown as follows: 
Au/DDT = 10, TOAB/Au = 2 and NaBH4/Au = 10. 
Figure 7.4 Sample = Figure 7.5 
Figure 7.5 
0.2 mL of ethanol-washed AuNPs + 20 mL of toluene + 0.2 mL of 1,9-
nonanedithiol (0.11 M).  Hydrothermal syntheses were conducted at 140oC for 40 
min, 1 h, 1.5 h, 4 h and 6 h respectively. 
Figure 7.6a,b 2 mL of as-synthesized AuNPs + 20 mL of toluene + 0.4 mL of 1,9-nonanedithiol (0.11 M).  Hydrothermal synthesis was conducted at 180 oC for 2 h. 
Figure 7.6c,d 
2 mL of as-synthesized AuNPs + 19.5 mL of toluene + 0.5 mL of TOAB (0.05 M) 
+ 0.4 mL of 1,9-nonanedithiol (0.11 M).  Hydrothermal synthesis was conducted at 
180 oC for 3 h. 
Figure 7.6e,f 
2 mL of as-synthesized AuNPs + 18 mL of toluene + 2 mL of TOAB (0.05 M) + 
0.4 mL of 1,9-nonanedithiol (0.11 M).  Hydrothermal synthesis was conducted at 
180 oC for 3 h. 
Figure 7.7a-b 2 mL of as-synthesized AuNPs + 20 mL of toluene + 0.4 mL of 1,9-nonanedithiol (0.11 M).  Hydrothermal synthesis was conducted at 180 oC for 60 h. 
Figure 7.7c 2 mL of as-synthesized AuNPs + 20 mL of toluene + 0.1 mL of 1,9-nonanedithiol (0.11 M).  Hydrothermal synthesis was conducted at 180 oC for 13 h. 
Figure 7.8a 
As-synthesized AuNPs = Figure 7.1a 
Solid Au spheres = Figure 7.1d-f 
Porous Au spheres = Figure 7.6a,b 
Figure 7.8b,c Sample = Figure 7.6a,b 
Figure 7.9a-d Sample = Figure 7.1d-f 
Figure 7.9e-h Sample = Figure 7.6a,b 
Figure 7.10a-d Sample = Figure 7.6a,b 
Figure 7.11 
0.2 mL of ethanol-washed AuNPs + 20 mL of toluene + 0.2 mL of 1,9-
nonanedithiol (0.11 M).  Hydrothermal synthesis was conducted at 140 oC for 2 h.  
Afterwards, the solid product was dispersed in 3 mL of ethanol and one drop of the 
above solution was dropped onto a piece of quartz plate.  After evaporating the 
ethanol solvent, the quartz plate was calcined at 400 oC in laboratory air for 30 min.
Figure 7.12a Sample = Figure 7.9a-d  
Figure 7.12b Sample = Figure 7.9e-h 
Figure 7.13 Sample = Figure 7.10d 
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Figure 7.14 Sample = Figure 7.10a 
Figure 7.15 Sample = Figure 7.6a,b 
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CHAPTER 8 
PHOTOCATALYTIC DECOMPOSITION OF METHYL 
ORANGE ON Au/TiO2/CNTs COMPOSITES 
8.1 Introduction 
Nowadays, carbon nanotubes (CNTs)-based nanocomposites have attracted significant 
research attention owing to their potential applications in catalysis, chemical sensors, 
hydrogen storage, and power storage, etc (Iijima, 1991; Wildgoose et al., 2006; Harris, 
2004; Zeng, 2003). Various strategies have been developed for fabricating this type of 
nanocomposites. For example, the conventional impregnation method, sol–gel technique, 
chemical vapor deposition, electrochemical reduction, and solution growth, including 
emulsion technique, have been employed into the preparation, especially for introducing 
active inorganic components such as noble metals, transition metals, and their oxides and 
sulfides (Xue et al., 2001; Han, et al., 2004; Correa-Duarte et al., 2005; Aminur Rahman 
et al., 2005; Qu et al., 2004; Kim et al., 2006; Kim et al., 2006; Sun et al., 2005; Xing, 
2004; Yoon et al., 2005; Lu et al., 2004; Kim et al., 2005; Sun et al., 2004; Gomathi et al., 
2005; Banarjee et al., 2002; Eder et al., 2006; Pender et al., 2006; Fu et al., 2005; Sun et 
al., 2005; Zhu et al., 2006; Du et al., 2005; Liu et al., 2005; Robel et al., 2005). Very 
recently, a general approach was reported to make CNTs-based nanocomposites via self-
assembly, which could be employed to prepared binary composites as well as complex 
systems such as ternary or even quaternary composites (e.g. TiO2/CNTs, Co3O4/CNTs, 
Au/CNTs, Au/TiO2/CNTs, TiO2/Co3O4/CNTs, and Co/CoO/Co3O4/CNTs) (Li et al., 
2007). These highly complex inorganic-organic nanohybrids with good controls in 
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particle shape, size and distribution can be fabricated from presynthesized nanobuilding 
units. Meanwhile, there is a general sol-gel mehod to develop uniform, well-defined 
titania layer on multiwalled carbon nanotubes (MWNTs) in nano-scale by nonvalent 
attachment (Sun et al., 2004; Gao et al., 2008). In this work, we present a colligation of 
these two potential approaches to prepare Au/TiO2/CNTs composites and demonstrate 
the enhanced photocatalytic performance of composite catalyst in the decomposition of 
methyl orange. Furthermore, we systematically investigated the photocatalytic activity of 
different weight ratio of Au nanoparticles on TiO2-CNTs composite.  
 
8.2 Experimental Section 
8.2.1 Preparation of TiO2/CNTs nanocomposites 
Multi-wall carbon nanotubes (MWNTs), 10~30 nm in diameter ranged and 5～15 mμ  in 
length, was purchased from Shenzhen Nanotech Port. Co., Ltd, China. Titanium 
isopropoxide (TTIP, Fluka, purum), titanium tetrabutoxide (TBT, Fluka, purum) and 
titanium ethoxide (Alfa Asesar, 99+%) were used as received. Sodium 
dodecylbenzenesulfonate (NaDDBS, Aldrich) was used as the surfactant to solubilize 
high weigh fraction of MWNTs in water. Glacial acetic acid (Fisher, aldehyde free) was 
employed for dissolution of titanium precursors in ethanol (Fisher, AR Grade) and 
diluted ammonia solution (Fisher, 35%, S.G. 0.88) was introduced to avoid any precursor 
residues from hydrolysis process. D.I. water was used for the preparation of solutions 
and all experiments were carried out at ambient temperature. 
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In a typical synthesis of TiO2/CNTs nanocomposites (Sun et al., 2004; Gao et al., 2008), 
raw MWNTs were first mixed with 0.5 wt% NaDDBS in aqueous solution. The 
suspension was then treated by sonication overnight to obtain well-dispersed CNTs 
solution. The final concentration of MWNTs was ca. 14.5 mg/mL. The prepared 
MWNTs precursor solution was dispersed in 20 mL ethanol and mixed for 30 min to get 
a uniform Solution I. A predetermined amount of TTIP was mixed with 15 mL ethanol 
and glacial acetic acid and kept stirring for 30 min to form a clear solution (Solution II). 
Solution I was then added dropwisely into Solution II under vigorous stirring. The final 
weight ratio of CNTs over estimated TiO2 is 0.9 via serials of brief calculations on Ti 
quality. Then, the mixture was left stirring at room temperature for 2 h to complete the 
reaction. Finally, 1.0 M ammonia aqueous solution was added dropwisely into the 
solution to adjust the pH to ~9.0. Ten milliliters of ethanol was added into the reaction 
system and stirring was maintained for another 30 min. The suspension was separated by 
three consecutive cycles of centrifugation and washing with ethanol. The sample drying 
was carried out in an oven at 60 oC for 10 h to obtain dry products. 
8.2.2 Preparation of Au/TiO2/CNTs nanocomposites 
The preparation of starting Au nanoparticles (1~3 nm) was carried out according to 
Brust’s two-phase protocol with some minor modifications (Brust et al., 1994; Zhang et 
al., 2006 and 2007; Li et al., 2006). The predetermined volume of Au NPs solution was 
diluted with 2 mL toluene in order to prepare uniformly distributed Au/TiO2/CNTs via 
dropwise addition. Meanwhile, predetermined TiO2/CNTs (calcinated or uncalcinated) 
were mixed with 1 mL of MPA (0.22 M) and 4 mL of toluene, followed by 2-min 
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sonication and vigorous stirring. Thereafter, the diluted Au NPs solution was dropwisely 
added into the TiO2/CNTs suspension and the mixture kept stirring for at least 5 h to 
keep all the Au nanoparticles attaching on the composites. The resultant solid products 
were collected by centrifugation and acetone-washed for three times. The sample drying 
was carried out at room temperature overnight to obtain dry products. The heat-
treatments for the composites were carried out in a quartz tube furnace operated under 
normal atmospheric ambience. The heating rate was selected in the range of 10 oC per 
minute. When reaching a desired temperature (normally 500 oC), the samples were held 
at the same temperature for 30 min, then cooled to room temperature. 
8.2.3 Photocatalytic decomposition of methyl orange 
A slurry of 50 mL of methyl orange (8 mg/mL) in the water/methanol mixture (volume 
ratio = 4:1) and about 4 mg catalysts was prepared in a 100 mL conical Pyrex flask. The 
slurry with catalysts was pre-sonicated and put into the closed box to keep stirring all the 
reaction time. The flask reactor was fitted with a Philips HPR 125 W high-pressure 
mercury lamp and a commercial fan to cool the system. The lamp had a spectral energy 
distribution with a sharp peak at nm365＝λ . Irradiation was carried out through the 
side-wall of the cell with sets of cut-off filters between the mercury lamp and the reaction 
cell. Normally, the UV irradiation was obtained with a Pyrex glass (>290 nm wavelength 
can pass through), while the visible light irradiation can be obtained with a yellow optical 
filter (>420 nm can pass through). Prior to the irradiation, 4 mL of the slurry was 
removed and centrifuged as starting concentration of methyl orange. During the 
irradiation, 4 mL of the slurry was removed periodically and centrifuged (at least two 
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times with 6000 rpm for 15 min). The solution was then analyzed by UV-visible 
absorbance on a UV-vis-near-IR scanning spectrophotometer (Shimadzu UV-3101PC).   
8.2.4 Materials Characterization 
The crystallographic information of the as-prepared samples was investigated using 
powder X-ray diffraction (XRD, Shimadzu X-ray diffractometer, model 6000, Cu αK  
radiation 5406.1=λ  Å) at a scanning rate of 0.02o sec-1. X-ray tube voltage and current 
were set at 40 kV and 40 mA, respectively. Field emission scanning electron microscopy 
(FESEM, JSM-6700F) was employed to examine the morphologies of the 
nanocomposites prepared. Structural compositional investigation with transmission 
electron microscopy and X-ray energy dispersive spectroscopy (TEM) was carried out on 
a JEM-2010F with an electron kinetic energy of 200 kV. Compositional investigation for 
the samples was carried out with X-ray photoelectron spectroscopy (XPS; AXIS-HSi, 
Kratos Analytical) and energy dispersive X-ray spectroscopy (EDX, JEM-2010F/EDX). 
Nitrogen sorption isotherms and textural properties of the materials were determined at 
77 K using nitrogen in a conventional volumetric technique by a Micrometritics ASAP 
2010 sorptometer. Before analysis, the samples were oven-dried at 60 oC and evacuated 
overnight under vacuum. The surface area was calculated using the Brunauer-Emmett-
Teller (BET) method based on adsorption data in the partial pressure (P/P0) range 0.05-
0.35, and the total pore volume was determined with the amount of nitrogen adsorbed at 
P/P0 = 0.995. The average pore size was obtained from the adsorption data by Barret-
Joyner-Halenda (BJH) method. Thermogravimetric and differential scanning calorimetry 
Chapter 8 Photocatalytic Decomposition of Methyl Orange on Au/TiO2/CNTs Composite 
198 
analysis (TGA-DrTGA) were performed by a Hiden TA Q600 SDT analyzer with a 
heating rate of 10 oC/min under air environment with flow rate = 100 mL/min. 
8.3 Results and Discussion 
8.3.1 Structure and Morphology 
 
With the presence of NaDDBS, MWNTs were initially well dispersed in water, yielding 
a stable dispersion of individual CNTs, as shown in Figure 8.2a. The surfactant 
molecules are expected to assemble on the surface of nanotubes with its alkyl chain 
groups. Thereafter, the metal cations (e.g. titanium precursor) will be captured by the 
negatively charged surface. With the assistance of the precipitant (ammonia), the metal 
cations are hydrolyzed and quickly deposit in situ, leading to a uniform coating of TiO2 
on the CNTs surface. Obviously, the as-synthesized TiO2/CNTs with certain weight ratio 
have been prepared well in a large scale, as presented in Figure 8.1 and 8.2. The 
composites were well dispersed (Figure 8.2b-c) and obtained with homogeneous surfaces 
(Figure 8.1a). Those characteristic composites were good for self-assemblies of gold 
nanoparticles and other nanoparticles. Aside from the original TiO2/CNTs, the calcinated 
TiO2/CNTs composites were further investigated owing to their well-crystallized TiO2 
nanoparticles. Figure 8.1c-d show that the pristine porous layer(s) collapsed and 
transformed to well-crystallized TiO2 nanoparticles (SAED results in Figure 8.1c) after 
being sintered at 500 oC for 30 min. Such crystallization can also be confirmed by the X-
ray powder diffraction patterns (Figure 8.3) as well as the N2 adsorption-desorption 
isotherms (Figure 8.4a). Furthermore, FESEM images and TEM images of calcinated 
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Figure 8.1 TEM images of as-synthesized TiO2/CNTs composites (a-b) and calcinated 
TiO2/CNTs composites (c-d). The inset in image c is its SAED spectra. The estimated weight 














Figure 8.2 FESEM images of raw CNTs (a), as-synthesized TiO2/CNTs composite (b-c) and 
calcinated TiO2/CNTs composites (d). All the samples were not Pt coated during FESEM 
observations. The estimated weight ratio of CNTs over TiO2 was 0.9. The calcination was carried 










Figure 8.3 X-ray diffraction patterns of (a) raw MWNTs, (b) as-synthesized TiO2/CNTs 
composite and (c) calcinated TiO2/CNTs composites. The estimated weight ratio of CNTs over 
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The TGA-DrTGA diagrams (Figure 8.4a) showed that the metal oxide coated CNTs are 
combusted at lower temperature (~ 400 oC) comparing with the pristine CNTs (~600 oC). 
The shifting may be ascribed to the oxygen molecules present in the grafted oxide (Li et 
al., 2007). Moreover, it is noteworthy that there is a restricted particle growth during the 
sintering corresponding to the formation of anatase TiO2 in the DrTGA curves. On the 
other hand, the contact between TiO2 layer and CNTs surface can be concluded by the N2 
adsorption-desorption isotherm, as shown in Figure 8.4b and Table 8.1. The significant 
decrease in pore volume, while comparing the as-synthesized composite with the pristine 
CNTs, strongly suggests that the existence of blockage on the surface of CNTs. In 
reference to the surface properties of metal oxide itself, the improvement after combining 
with CNTs comfirms the supporting role of nanotubes (Li et al., 2007). Also, the 
decrease of surface area after heat treatment can be assigned to the shrinkage of relative 
loose, porous surface of coating induced by calcination (Figure 8.1c-d and Figure 8.2d). 
Furthermore, Figure 8.4b presents that the isotherm is classified as Type IV category, 


















Figure 8.4 TGA-DrTGA curve of as-synthesized TiO2/CNTs composite (a) and N2 adsorption-
desorption isotherms of calcinated TiO2/CNTs composite (b). The estimated weight ratio of 
CNTs over TiO2 was 0.9. The calcination was carried out at 500 oC for 30 min. 
 
 
Table 8.1 BET Surface Area and Porosity 
Sample Surface Area (m2/g) Pore Volume (cm3/g) d
Raw CNTs 264.08 2.419 
As-synthesized TiO2/CNTs composite a 230.23 0.224 
Calcinated TiO2/CNTs composite b 119.87 0.190 
As-prepared Au/TiO2/CNTs composite c 134.56 0.168 
Calcinated Au/TiO2/CNTs composite b 139.24 0.201 
Notes: a. The estimated weight ratio of CNTs over TiO2 was 0.9; b. The calcination was carried out at 
500 oC for 30 min; c. as-prepared Au/TiO2/CNTs composite with 20 wt% Au in total; d. total volume 
adsorbed at a relative pressure of 0.995 for N2 at 77 K.  
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By virtual of investigation of TiO2/CNTs composites, the gold nanoparticles were coated 
on the surface of these composites with a uniform TiO2 layer with the help of MPA (Li et 
al., 2006). With the knowledge of that, Au-TiO2 composites have been developed to 
enhance photocatalytic activity in recent year (Haruta et al., 1997; Valden et al., 1998; 
Chou et al., 2004; Li et al., 2004; Tada et al., 2004; Yan et al., 2005; Tian et al., 2005; 
Tong et al., 2005; Remediakis et al., 2005; Yoon et al., 2003; Li et al., 2003). The 
structure of the TiO2 layer between MWNTs and AuNPs layer would induce the 
separation of photo-generated electron/hole pairs and improve the photocatalytic 
performance of catalysts. Thus, in this work, three categories of the Au/TiO2/CNTs 
composites were synthesized according to the order of AuNPs assembly and calciantion, 
while Au doping in total weight was tuned to investigation their photocatalytic activity, 
as shown in Figure 8.5a. The detailed experimental procedure also can be found in 
experimental section 8.2.2.  
From Figure 8.5 to Figure 8.7, uniformly distributed Au nanoparticles on the surface of 
TiO2 layers can be clearly seen. The particle sizes of AuNPs on the surface of type I 
composites lied in a wide range, the maximum size of which was about 20 nm, owing to 
the calcination compared to uncalcinated composites, whereas the surfactant of this 
composite such as MPA would be removed in a certain extent during the heat treatment. 
The surfactant removal may increase the electron transfer between gold and TiO2 layer, 
i.e. to decrease the possibility of recombination of electron/hole pairs. With the best 
knowledge of that, the possible reason has been mentioned in several reports (zhang et al., 
2006 and 2007) that the surfactant molecule around Au nanoparticles would be detached 
thoroughly to make particles grow into larger ones during the sintering. However, the 
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larger size of Au nanoparticles will lessen the activity of gold while smaller particle size 
of gold can induce a higher activity during the catalysis even though TiO2 layers hold 
well-crystalline anatase form. Upon that, type II and type III composites were prepared to 
get uniformly distributed Au nanoparticles (1-3 nm) on the surface of TiO2 layers. 
Comparing to the calcinated Au/TiO2/CNTs, type II composite owns a smooth surface, 
so that Au nanoparticles were arranged well with the intervention of surfactant molecules, 
as shown in Figure 8.6. Normally, after the preparation of composites, the resultant 
composites will be acetone washed so as to remove the excessive surfactant molecules. 
Figure 8.6d represents that all the surface of TiO2 layers was covered with thiol-
stabilized AuNPs without any solvent washing. The bigger size of aggregates and 
sparsely distributed around the composites can be as a result of the excessive MPA 
protection. Meanwhile, even acetone-washed composites also possess higher density of 
AuNPs if the assembling time of AuNPs can be extended for a long time, as shown in 
Figure 8.6c and Figure 8.7e-f. On the account of the above discussion, type III 
composites seemed stable and active by virtue of well-crystalline TiO2 layers and 




























Figure 8.5 Preparative schemes of three categories of Au/TiO2/CNTs composites (a) and TEM 
images and SAED spectra of Type I Au/TiO2/CNTs composites: b-d) calcinated 500 oC for 30 
min; e) calcinated at 300 oC for 60 min, noting that the Au doping in total weight is about 10 wt% 































Figure 8.6 TEM images of Type II Au/TiO2/CNTs composites: a) 5 wt% Au doping in total 
weight; b) 10 wt% Au doping in total weight; c) 20 wt% Au doping in total weight; d) 20 wt% 
Au doping in total weight, without acetone washing after its synthesis, noting that all the samples 
































Figure 8.7 TEM images and SAED spectra of Type III Au/TiO2/CNTs composites: a-b) 
calcinated TiO2/CNTs composites and its SAED spectra; c) 5 wt% Au doping in total weight; d) 
10 wt% Au doping in total weight; e-f) 20 wt% Au doping in total weight; noting that the 
calcination was carried out at 500 oC for 30 min and the estimated weight ratio of CNTs over 
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8.3.2 Decomposition of Methyl Orange 
The typical time-dependent UV-vis spectra for methyl orange decomposition on 
Au/TiO2/CNTs (type III) composites are illustrated in Figure 8.8. It can be seen that the 
maximum absorbance of 464 nm disappears completely after irradiation for 2 hours. In 
addition to experiments with Au/TiO2/CNTs (type III) and irradiation, both blank 
experiments were investigated in the absence of irradiation with Au/TiO2/CNTs (type III) 
or in the presence of irradiation without Au/TiO2/CNTs (type III). Results show that MO 
cannot be degraded under these experimental conditions. Interestingly, we observed that 
the MO aqueous solution after centrifugation will be quickly colorless in the presence of 
TiO2/CNTs composites. Some possible reason is the strong adsorption of CNTs-based 
composites. In this study, the MO solution is a mixture of D.I. water and methanol (4:1) 
in order to utilize the methanol to repel the methyl orange molecules from the surface of 
CNTs-based composites, i.e. methanol is easily adsorbed by these composites. The UV-
vis spectrum of the water/methanol MO solution after centrifugation with the presence of 
these composites did not show any change comparing to the original water/methanol MO 
solution. At the same time, under the visible light irradiation, the MO solution was not 
degraded with the presence of these composites, while the degradation of methyl oranges 
under UV irradiation was decomposed by both TiO2/CNTs and Au/TiO2/CNTs 
composites (500 oC calcinations; type III). However, the composites calcinated at 300 oC 
for 60 min cannot degrade the MO solution, indicating the necessity of well-crystalline 
TiO2 layers. 
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Moreover, it was noted that calcinated TiO2/CNTs composites without Au doping also 
can degrade the MO solution, as shown in Figure 8.9. At the beginning of irradiation, 
these dual composites degrade the MO quickly as well as Au/TiO2/CNTs composites, 
whereas the speed of MO decomposition in TiO2/CNTs system decreased much more 
than those in Au/TiO2/CNTs system with the extension of reaction time. Relying on 
certain Au doping, Au/TiO2/CNTs composites can decompose the MO solution in an 
hour, as indicated in Figure 8.9. In this system, the weight of the catalysts used was 
around 4 mg. All the lines in Figure 8.9 have been normalized and the experiments were 
repeated well. In favor of comparing the different Au doping in total weight, the TiO2-
CNTs weight in Au/TiO2/CNTs kept constant. Due to the accuracy of Au doping in total 
weight, the three serials of 5 wt%, 10 wt% and 20 wt% were investigated in this work. 
The photocatalytic results in Figure 8.9 show that with the increase of Au doping, the 
activity of Au/TiO2/CNTs composites will decrease, indicating that there is a balance 
between Au doping and surface density of TiO2 layer. Thereafter, the less Au doping of 
Au/TiO2/CNTs composites showed higher photocatalytic activity than those of high Au 
doping composites. Aside from the study of photocatalytic activity, the stability of 
Au/TiO2/CNTs was performed after reaction, as shown in Figure 8.10. The XPS spectra 
Ti 2p and Au 4f of as-synthesized Au/TiO2/CNTs also prove the self-assembly of AuNPs 
on the TiO2 layers, in accordance with an earlier investigation (Li et al., 2006). Figure 
8.10c-d presents that gold nanoparticles were stably immobilized on the TiO2 layers even 
after several rounds of photocatalytic reaction. Hence, these Au/TiO2/CNTs composites 
are promising catalysts relying on their stable and active characteristics in the future 
application. 
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Figure 8.8 The absorbance spectra changes of methyl orange (MO) solution in the presence of 
Au/TiO2/CNTs composites and irradiation (15 wt% Au doping in total weight). Noting that the 
calcination was carried out at 500 oC for 30 min and the estimated weight ratio of CNTs over 
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Figure 8.9 The photocatalytic activity of different photocatalysts with different Au doping on a 
same weight of TiO2/CNTs (normalization, 4.3 mg), noting that the calcination was carried out at 
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Figure 8.10 XPS spectra of the as-synthesized Au/TiO2/CNTs (a-b) and TEM images of 
Au/TiO2/CNTs composites after photocatalytic reaction: c) 5 wt% Au/TiO2/CNTs, d) 10 wt% 
Au/TiO2/CNTs, three cycles of reaction; Noting that the calcination was carried out at 500 oC for 
30 min and the estimated weight ratio of CNTs over TiO2 was 0.9. 
 
8.4 Conclusions 
The results described in the present work proved that Au/TiO2/CNTs (type III) were 
promising catalysts for methyl orange degradation. The TEM and FESEM images 
showed as-prepared Au/TiO2/CNTs composites owned uniform, well crystalline TiO2 
layer and well-distributed AuNPs on the surface of TiO2 layer with the assistance of 
MPA. The TGA and BET investigation indicated these composites possessed the porous 
a) b) 
c) d)
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structure during the calcinations. The UV-vis absorbance spectrum and photocatalytic 
investigation proved that the prepared Au/TiO2/CNTs composites had good activity for 
the degradation of MO solution. And the higher photocatalytic activity can attribute to 
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CHAPTER 9 
CONCLUSIONS AND RECOMMENDATIONS 
9.1 Conclusions 
In pursuit of developing synthesis and organization of gold nanoparticles, various 
strategic approaches for gold nanoparticle structured materials have been performed and 
addressed in this project. The formation mechanism and materials characterization have 
been investigated systematically and definite application of gold nanocomposites has 
been proved to be effective and promising. In summary, the main conclusions are as 
follows: 
z The parallel unidirectional 1D-assemblies of gold nanoparticles with assistance of 
surfactants were obtained for the first time. By controlling the surfactant population, 
metal particle size, and amount of solvent for dispersion, the length of nanoparticle 
chains and their inter-chain space can be further tailored. In principle, these finding 
can be extended to large scale 1D-organization of other transition/noble metal 
nanoparticles using simple organic surfactants. 
z After systematical investigation of the roles of common surfactants used in two-
phase synthetic protocol of Au nanoparticles, the Au nanoparticles covered with 
TOAB or TOAB-DDT self-assembled into spherical aggregative forms such as 
discrete, linear, and two-dimensional arrays, without assistance of other structural 
liners. Unlike other reported work in literature, the TOAB-capped Au nanoparticles 
still were grown into larger ones in both as-prepared suspensions and dried state. 
By using different substrates, the formation of Au nanoparticle spheres and their 
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hierarchical self-assembly, as well as the crystallization of Au nanoparticles in the 
superlattice, take place largely during the drying process. 
z A self-assembled approach for generation of nanostructured Au sponges was 
developed for the first time with as-synthesized AuNPs as starting building blocks. 
The hydrothermal condition is to detach DDT and TOAB surfactants and thus 
trigger the self-assembly of AuNPs. The resultant Au sponges are comprised of 
finely branched nanowires whose diameters are selected in the range of 15-150 nm. 
The sponge morphology can be further controlled by manipulating surfactant 
population, concentration of metallic nanoparticles, amount and type of alcohol 
solvent, process temperature and time etc. In principle, this template-free approach 
can also be extended to large-scale 3D organizations of other surfactant-capped 
transition/noble metal nanoparticles. 
z A swift synthesis of ultrafine gold networks with assistance of PVP under ambient 
conditions has been investigated systematically. The dimension of ligaments among 
the connection of these sponge-like materials is less than 10 nm, while PVP plays 
an important role to induce these stable 3D architectures and prevents the formation 
of bigger particles. Other controlling parameters including the concentration of 
reactants, aging and reaction time, order of reactant addition, types of reducing 
agent and the solvents of PVP dissolved, and various surfactants are investigated to 
study their formation mechanism of Au sponges. The results prove that the 
surfactants act as a stabilizing reagent and provide the necessary skeletal structure 
for the formation of Au sponges. 
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z A hydrothermal method for self-assembly and organization of as-synthesized gold 
nanoparticles into various aggregative morphologies has been developed for the 
first time. Using the assembled gold nanoparticles as structural precursors, 
mesoporous gold spheres in either discrete or interconnected forms are prepared at 
higher process temperatures through removal of bidentate linker molecules. 
Excellent product controllability and high morphological yield have been achieved 
via tuning preparative parameters. These preliminary investigations also show that 
the assembled gold nanoparticles and nanostructures can be used as building blocks 
for construction of three-dimensional networks as well as for fabrication of two-
dimensional porous thin films. 
z Au/TiO2/CNTs (type III) nanocomposites have been proved as promising catalysts 
for methyl orange degradation. Au nanoparticles were self-assembled on the 
surface of uniform, well crystalline TiO2 layer with the assistance of MPA. The 
porous structure of these composites was obtained during the calcinations without 
any loss of CNTs, which is proved by TGA results. Lastly, the photocatalytic 
investigation has proved that the lower Au doping in these Au/TiO2/CNTs 




By virtue of these findings mentioned above, some consecutive research interest can be 
anticipated and executed in future work. For instance, the self-assembly process is 
mainly used for the organization of the gold nanoparticles. Bimetallic structure and other 
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metal/metal oxide nanocomposites may be obtained using these approaches (described in 
Chaper 3, Chapter 5 and Chapter 6). Moreover, since these systematic investigations 
almost start from two-phase synthetic protocol of Au nanoparticles (Brust et al., 1994) 
except the findings of Chapter 6, it is limited to employ these findings to a wide range of 
nanomaterials (e.g., polymer nanoparticles). Thus different synthetic approaches could 
replace this current method to assemble different surfactant-capped Au nanoparticles into 
potential architectures. More expectedly, it is promising to develop a method to self-
assembly of Au nanoparticles in deionized water instead of organic solvent (e.g., toxic 
toluene) for the application of biology such as biofilter materials. And that, the porous 
Au nanomaterials has been proved as a good catalyst on CO oxidation under low 
temperature (Hutchings et al. 2006). These preparative gold sponges with a wide range of 
diameters could induce research interest in these catalytic areas. Eventually, besides 
these structured gold organizations, the Au nanocomposites have attracted much 
attention to develop more convenient and effective preparative approaches although their 
mechanism of higher catalytic activity is still unclear (Hutchings et al., 2006).  
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